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Abstract

Galaxies are complex systems that preserve the history of the Universe, revealing
a violent, chaotic phase in the early Universe. During this phase, galaxies fre-
quently interacted and merged, laying the foundations for the Universe’s hierarchi-
cal structure. As the Universe expanded, galaxy interactions became less frequent
and internal evolutionary processes dominated. It is unknown when this second
evolutionary phase commences; however, stellar structures in nearby galaxies have
revealed the driving mechanism behind it. In dynamically cold and rotationally
supported disc galaxies, a non-axisymmetric potential will propagate and trap stars
onto elongated stellar orbits. A disc galaxy with this central stellar structure is
known as a barred galaxy, and they are one of the most common features found in
nearby discs. However, their frequency decreases as we look back to earlier epochs
in the Universe, demonstrating that internal galaxy evolution dominates at z < 1.
This thesis presents one of the first studies of barred galaxies at z > 1 using the im-
proved sensitivity and longer wavelength range of the James Webb Space Telescope
(JWST) to identify the onset of bar formation and, if present, whether these barred
structures differ from those in nearby galaxies.

I investigate the evolution of the bar fraction by selecting a nearly mass-complete
disc galaxy sample in the redshift range 1 < z < 4 from the JWST Cosmic Evolution
Early Release Science (CEERS) survey. The barred galaxies were identified via
visual classification. To understand instrumental biases and wavelength dependence,
the methodology was repeated for the same sample of galaxies imaged with the
Hubble Space Telescope (HST), and in different JWST filters. For the first time, a
population of high-redshift barred galaxies was identified with JWST, yielding a bar
fraction twice that from HST images. Additionally, the bar fraction was consistent
across the observed JWST wavelengths. Thus, the bar fraction can be limited by
instrument sensitivity, and the bar fraction reported here could still be a lower limit.
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In addition, I employ image analysis techniques to measure the evolution of bar
structural properties. This includes ellipse fitting and photometric decompositions
to obtain the bar length, ellipticity, Sérsic index and bar-to-total luminosity ratio.
I verify that ellipse-fitting techniques yield shorter, rounder bars than photometric
decomposition, and that bluer-wavelength images yield shorter bars than redder-
wavelength images. Overall, the bars at z > 1 have a similar distribution in bar
lengths to those in nearby galaxies, but lack a longer population of > 8 kpc bars
which exist at z < 1. Overall, these bars reside in smaller disc galaxies; thus,
the bar length normalised by disc size is constant from the local Universe out to
Cosmic Noon. This remarkable result demonstrates that bars grow in tandem with
their discs. Furthermore, the distributions of other structural properties, such as
ellipticity, Sérsic index, and bar-to-total luminosity, are similar to those of nearby
and intermediate redshift barred galaxies.

One of the most exceptional results of this thesis was the discovery of a nuclear
disc in a strongly barred galaxy at z ~ 1.5. Nuclear discs form shortly after the
bar and are key indicators that bar-driven evolution has commenced. Using image
analysis techniques, I measure the radial extent of this nuclear disc to be ~ 1 kpc,
comparable to the largest nuclear discs in nearby galaxies. [ identify possible features
of a nuclear bar and spiral arms. This is the first evidence of a nuclear disc beyond
the local Universe and reinforces the idea that bar-driven evolution must be rapid
to form the structures we observe in nearby galaxies.

This thesis presents evidence that bar formation occurs much earlier than pre-
viously thought, as early as a few billion years after the Big Bang. Additionally, for
bars in young galaxies to develop properties that are consistent with those we ob-
serve in nearby galaxies, bar-driven galaxy evolution must be rapid. In general, we
must re-evaluate our understanding of disc settling, bar formation, and bar-driven
evolution in the early Universe.
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CHAPTER 1

Introduction

As a civilisation, we are fascinated by our existence and how unique we are within
the Universe. Our ancestors searched the night skies, imbuing them with spiritual
significance and using them as their greatest tools for navigation, timekeeping, and
scientific exploration.

The current understanding of our place in the Universe was first theorised by the
Ancient Greeks, who created myths about the Milky Way to signify its importance,
whilst believing that it was a collection of stars. It wasn’t until 1610 that Galileo
used a telescope and discovered thousands of faint stars in the Milky Way. A century
later, Immanuel Kant hypothesised the dynamics of the Milky Way. He determined
that the Milky Way is a disc and that other nebulae are “island universes”. However,
it was only in the past century that astronomers were able to comprehend the Milky
Way’s immense size and pinpoint Earth’s location within it.

With our growing understanding that the Milky Way is a massive barred spi-
ral galaxy spanning 100,000 light-years, astronomers have turned their focus to its
evolutionary track. This has relied on the rapid emergence of extragalactic astron-

omy. Since the conclusive evidence of extragalactic sources from Hubble in 1925, as-
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1.1. The Hubble Sequence 2

tronomers have excelled at developing powerful observing techniques and telescopes
to classify and model these wondrous objects across the electromagnetic spectrum
and out to great distances, helping to formulate how galaxies form and evolve.

In this thesis, I use novel imaging data to classify barred galaxies at the far-
thest distances ever observed and to measure their structural properties. Through
this, I unveil the mechanisms driving galaxy evolution at the earliest epochs and
discover that galaxies form much earlier than previously thought. My research con-
tributes to our understanding of galaxy evolution by placing it within the broader
context of theoretical work. In this introductory chapter, I provide the context for

understanding my thesis.

1.1 The Hubble Sequence

Over the past century, the most wondrous objects observed in our skies have been
galaxies. Their drastically different morphologies, sizes, and compositions have
driven the underlying question of how galaxies evolve. Galaxy evolution is a fo-
cus across all of astronomy, from Galactic archaeology to supermassive black holes
(SMBH), and researchers are working to advance our understanding of how galaxies
form and how their environments shape their morphology. Galaxies vary by more
than seven orders of magnitude, ranging from 10° to 10'? stars. Their composition
depends on environmental factors: those in denser environments, such as galaxy
clusters, experience frequent mergers and, in extreme cases, undergo drastic gas
stripping. In contrast, isolated systems will exhibit secular evolution driven by their
own instabilities. This has led galaxies to exhibit a broad range of morphologies,
with some more complex and others relatively simple.

Bars are elongated, non-axisymmetric structures composed of stars, typically
found at the centres of spiral galaxies. The first barred galaxy discovered was NGC
613 by William Herschel [Herschel, [1802], at a distance of 67 million light-years away
in the Southern constellation of Sculptor. Whilst individual systems were recorded
earlier, the classification of ‘barred’” was coined only in the 20th century. |Curtis

[191§] first drew attention to the “band of matter extending diametrically across the
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elliptical nebuloe

£0 £3 £7

Figure 1.1: Illustration of the Hubble Tuning Fork [Hubble| [1936].

inner parts” in the galaxies NGC 1300, NGC 1530, NGC 3351, and NGC 5921, which
he described as, for the lack of a better word, ‘¢-type galaxies’. Shortly thereafter,
Hubble grouped galaxies by appearance and structure to better understand their
evolutionary tracks, as illustrated in the Hubble Tuning Fork [Figure [1.1} [Hubble,
1936]. Simplistically, galaxies can be divided into three classes: ellipticals, discs, and
a transitional category between them, lenticulars, which are discy but lack stellar
structures. Not all galaxies can be easily classified into these three categories, for
example, dwarf galaxies with masses of only a few billion solar masses, irregular
galaxies with abnormal structures and shapes, and giant elliptical galaxies at the
centres of clusters.

Within a dark-matter halo, a disc forms through the gravitational collapse of
cooling gas, conserving angular momentum and maintaining orbital motion. Even-
tually, the stable, rotationally supported system will undergo disc instabilities due
to a non-axisymmetric potential. This process forms stellar structures in the disc,
which are observed as stellar spiral arms. Hubble characterised these disc galaxies
by the compactness and openness of their spiral arms, i.e., how tightly wound they
are. Another prominent feature of disc galaxies is an elongated structure through
the centre, often connecting two spiral arms, known as the stellar bar. Barred spiral
galaxies make up the other half of the tuning fork, and form by the same mecha-
nisms as spiral arms in dynamically cold and rotationally supported disc galaxies;
an example of a barred galaxy is shown in Figure [1.2] Bars are ubiquitous features

in nearby disc galaxies and indicate that a galaxy has entered a later evolution-
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Figure 1.2: Barred spiral galaxy NGC 1300 captured by the NASA/ESA Hubble
Space Telescope.

ary phase. An illustration of a barred galaxy in face-on and edge-on projection
with labelled stellar structures is shown in Figure [1.3] The structures shown in the
illustration are discussed more thoroughly throughout this thesis.

Lenticulars are gas-deprived spiral galaxies, typically found in denser environ-
ments and have experienced rapid gas stripping or encountered a merger. Major
mergers of spiral galaxies disrupt organised stellar orbits, producing a featureless el-
liptical galaxy with older stellar populations and little gas for further star formation.
Hubble characterised elliptical galaxies by their ellipticity.

Later, de Vaucouleurs et al.| [1964] revised the Hubble classification and intro-
duced “family” and “variety” characteristics for barred and unbarred spiral galaxies,
to distinguish between the bar and spiral structure. He denoted strongly barred
galaxies as SB, unbarred galaxies as SA, and weakly barred galaxies as SAB, whilst
the spiral structure was characterised as r for a ring encompassing the bar, s for
two spiral arms connecting from the bar ends, and intermediate “pseudorings” as
rs. Accordingly, de Vaucouleurs| [1970] classified the Milky Way as SAB(rs)bc.

The Milky Way was probably first suggested to be a barred spiral galaxy by
Johnson [1957], but Earth’s obscured position within the Milky Way delayed confir-
mation of its bar until 1991, when Binney et al. [1991] used HI, CO and CS emission.
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Dark matter halo

Stellar disc

Nuclear disc

Nuclear
spiral arms

Dark matter halo

Thick disc Boxy/Peanut bulge

\ Bulge

Thin disc

SMBH

Figure 1.3: Illustration of a barred galaxy in face-on (upper) and edge-on (lower)
projection. The stellar structures shown within the stellar disc are two spiral arms,
connected by the stellar bar. At the centre, nuclear structures can form, such as
the nuclear disc, nuclear spiral arms and a nuclear bar. Note that not all of these
structures are present in every observed barred galaxy.
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Barred galaxies provide insight into the mechanisms that drive galaxy evolution and
are crucial for understanding how galaxies transform over time, thereby informing

our picture of the Milky Way’s formation.

1.2 Bar formation

Stellar bars are among the most abundant features in local disc galaxies [e.g.,
et al., 2009, Buta et al., 2015, Eskridge et al., 2000, Marinova and Jogee, 2007],

providing insight into the internal evolutionary processes at work in these galaxies.

The occurrence and mechanisms under which bars form have been observed and

tested in many observational [e.g., |Aguerri et al., 2009, Buta et al., 2015, |Gadotti

et al., [2015| Jogee et al.| 2004, Marinova and Jogee, 2007] and theoretical works [e.g.,

Athanassoulal 1992, [Athanassoula et al., 1990, [Fragkoudi et al., [2025], [Rosas et al.]
2022, |Sellwood and Wilkinson), 1993]. Recently, investigations into younger bars at

early epochs [e.g., Espejo Salcedo et al., 2025, |Guo et al., 2023, [2025| |Géron et al.

have begun to bridge the gap between observational and theoretical research
to elucidate the environments and conditions required for bar formation. In this
section, I describe the interplay between the environment, stellar populations, and
structural properties that promote bar formation and evolution, as well as the stellar

dynamics that underpin these long-lived structures.

1.2.1 Formation mechanisms

Bar formation in disc galaxies is attributed to two main mechanisms: internal disc
instabilities and the enhancement of non-axisymmetric features through interac-
tions, including mergers and flyby encounters. Disc galaxies in less-dense envi-

ronments evolve secularly, and simulations find that long-lived bars form by grow-

ing non-axisymmetric perturbations in the disc [e.g., Efstathiou et al., 1982, [Fujii

et al., 2018, Hohl, 1971]. However, Rosas-Guevara et al. [2022] using the magnetic-

hydrodynamical simulation TNG50, demonstrated that these elongations are very
small at early times, meaning the bars are on sub-kiloparsec scales. However, longer

bars are shown to be produced through interactions and mergers.
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In the literature, interactions have been extensively studied as a mechanism for
bar formation [e.g., Berentzen et al., 2004, Gerin et al., 1990, |Lokas, [2018 |Lokas
et al., 2014, 2016, Noguchi, [1987], with several studies demonstrating bar formation
in the more extreme case of mergers [e.g., Cavanagh and Bekkil 2020, [Lokas| 2025
Zhou et al.| |2025]. Despite being a possible cause at all times, these interaction-
induced bars are particularly favoured in the early Universe, as interactions were
more frequent. A recent study using the [llustrisTNG simulations followed four bars
that formed via mergers at z > 3 [Lokas| [2025]. These bars, with lengths of ~ 3
kpc, continued to grow in length and strength to the present day, despite subsequent
interactions. [Frosst et al. [2025] monitored the evolution of 307 disc galaxies in the
TNG50 cosmological simulation and found that bars formed via tidal interactions
are transient, whilst having similar properties to those formed secularly. They allude
to the fact that tidal interactions can induce bar formation in a disc which would
otherwise be stable against secular formation.

In summary, it remains an open question whether interactions form long-lived
bars; however, this question can only be answered by considering the requirements
for a disc’s susceptibility to bar formation. Since the 1960s, theoretical work has
sought to quantify the stability of a disc against bar formation, incorporating several
crucial factors, which are discussed below.

At large scales, a disc is stabilised by random motions and rotation, and in-
creasing surface density simultaneously leads to fragmentation. This balance was
first approximated by Toomre [1964] in terms of the local stability criterion. As
such, a system becomes unstable to axisymmetric perturbations when the Toomre
parameter is below unity, a condition that requires a cold, dense system. Hotter,
thicker discs will delay the onset of disc instability. The disc instability manifests
as a bi-symmetric, two-armed spiral pattern, in which the inner region straightens
and forms an elongated bar.

One of the leading physical contributors to disc susceptibility to bar formation
is the dominance of the stellar disc over the dark-matter halo. In one of the earliest
simulations, Hohl| [1971] showed that within a few galactic rotations, in the absence

of a halo, a stellar disc could form a bar. Subsequently, |Ostriker and Peebles| [1973]
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built on the understanding that a dark-matter halo is required for disc stability.
The role of the dark matter halo in bar formation and evolution is crucial, for it
absorbs angular momentum. This process was emphasised in |Athanassoula [2002],
which showed that in a more halo-dominated system, a large population of resonant
halo stars is present, sustaining bar evolution. This simulation demonstrated that
the strongest bar was formed in a halo-dominated case, whilst an intermediate bar
was formed in a disc-dominated case. Alternatively, in the same scenarios, however,
with rigid halos, only mid-oval distortions were formed. In recent simulations, the
coupling between the dark matter halo and the stellar bar has been explored. |Collier
and Madigan| [2021] found dark matter bars can form in prograde halos, whilst
retrograde orbits form a dark matter wake. Additionally, Fragkoudi et al.| [2025]
found that barred galaxies in the Auriga simulations are more baryon-dominated at
all redshifts, and unbarred galaxies tend to be more dark matter-dominated within
the central 5 kpc over all cosmic times.

Several other factors contribute to the instability threshold. One of these is that
high-velocity dispersions will keep the disc dynamically hot, delay bar formation, and
lead to larger gas fractions and lower surface densities. Additionally, the prevention
of bar formation can be exacerbated by stellar structures, such as the presence of a
compact classical bulge [Saha and Elmegreen, [201§].

There is no single prevailing factor driving bar formation; rather, the interplay
among these components, along with structural properties, dictates the galaxy’s
evolution. With the majority of disc galaxies being barred in the local Universe,
studies have refocused their investigations from why bars form to why a certain

galaxy hasn’t formed a bar.

1.2.2 Orbital structure

Bar formation is influenced by a variety of environmental factors, whereas the orbital
dynamics that underpin the stellar structure remain constant. Whilst disc galaxies
are very thin, where the outer disc has an axis ratio of ~ 10, the buckled bar is a
much thicker component, modelled as a triaxial ellipsoid. The bar is a rigid rotating

body, with an orbital frequency of 2,,., known as the bar pattern speed. The non-
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including the 1, and 25 [Fig. 7 from Contopoulos and Papayannopoulos, 1980]. B:
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velocity, €2, and resonances in a Plummer potential [from Sparke and Gallagher]
2000]. For a given €, the CR occurs at €, = Q, the ILRs occurs at €, = Q — k/2,
and the OLR occurs at 0, = Q + k/2.
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axisymmetric nature of stellar bars is due to the very elongated form of the orbits
that constitute the bar, which would be the x; orbital family, known as the backbone
of the bar, or one of the higher multiplicity families, both parallel to the semi-major
axis of the bar, as shown in Figure[L.4] (a) [Contopoulos and Papayannopoulos) [1980)
Wang et al., 2022], which have such properties. The x5 orbital family is particularly
important for building central nuclear structures because it is more spherical. An
extensive range of orbital families and sets of families contribute to the building of
the vertical component of the three-dimensional nature of bars [Patsis et al., 2002].
These are elongated orbits perpendicular to the bar, which can form a boxy/peanut
(B/P; discussed in § shape in edge-on galaxies. The B/P morphology is
determined by the presence and stability of the supporting orbital families. Higher-
order orbital families contribute to the shape of the ellipses towards the edge of the
bar and determine the extent of the bar.

The elongated structure is also supported by resonant stellar orbits in the disc,
which are influenced by the bar. The extent of the bar is limited by the corotation
resonance (CR), which defines the corotation radius; i.e., the length of the bar cannot
exceed the corotation radius. Disc stellar orbits with orbital frequencies equal to
the bar orbital frequency, 2 = ., are in CR with the bar. Additional critical
radii, shown in Figure (c), are the Inner Lindblad Resonance (ILR) and Outer
Lindblad Resonance (OLR). Stellar orbits at these resonances strongly interact with
the rotating gravity wave of the bar, thereby trapping stars and gas, creating heavily
populated regions (as shown in Figure (b)) that act as barriers to radial gas
inflow. Specifically, the ILR lies within the bar and is thought to correspond to
the x5 orbital family, which forms the nuclear disc and rings (discussed in § .
In contrast, the OLR is an important outer point of bar influence, with orbital

frequencies lagging behind the bar, and it creates rings in the disc.

1.2.3 The bar fraction

In the local Universe, bars are among the most abundant stellar structures in disc
galaxies, occurring in up to 80 per cent of disc galaxies when weaker bars are included

[e.g.,|de Vaucouleurs et al., (1991, [Elmegreen et al| 2004, Eskridge et al. 2000, Mari-
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nova and Jogee, 2007, [Menéndez-Delmestre et al., 2007]. However, results depend

strongly on the observed wavelength and the identification technique employed. As
discussed above, bars trap stars onto elongated, stable orbits, meaning the stellar
population that bars are comprised of is predominantly older, with little to no star
formation along the bar (further discussed in § . Hence, it is favourable to
observe barred galaxies in the near-infrared (NIR), which is less affected by dust
obscuration, and thus the bar fraction increases. However, quantifying the ‘true’
bar fraction and bar characteristics becomes challenging when the literature uses

a variety of instruments and wavelengths. One of the first studies to assess the

wavelength dependence of the bar fraction was Eskridge et al. [2000], which found

an initial bar fraction of 56 per cent in NIR H band galaxies, which increases to 72
per cent if weakly barred galaxies are included. The optically identified bar fraction

decreases to ~ 30 per cent, demonstrating that the NIR bar fraction is nearly twice

that of the optical. This result was corroborated and explored in |Marinova and Jo-|

[2007], which found a bar fraction of 60 per cent in the NIR H band, decreasing
to 40 per cent in the optical B band. Buta et al.|[2015] argued that this is due to

stellar structural features being more perceptible; thus, weaker bars in the optical

become stronger in the NIR, so a higher bar fraction is observed. More recently,

Menéndez-Delmestre et al. [2024] investigated the properties of nearby barred galax-

ies in the 3.6um, R, and B bands, as shown in Figure [L.5] and reported that bars
are more elliptical and 9 per cent longer in bluer wavelengths; which is as a result
of star forming knots at the end of bars. These studies are critical for understand-
ing the intrinsic evolution of bars, unbiased by band-shifting effects, by quantifying
how bars vary locally due to wavelength dependence. These results can then be
extrapolated to studies of bars beyond the local Universe.

The bar fraction can be derived by various bar identification techniques that are

applied to images, including visual classifications [e.g., |Athanassoula et al., |1990),

Buta et al.] 2015] |Cheung et al.| 2013] de Vaucouleurs et al., 1991, Eskridge et al.,

2000, Nair and Abraham, 2010, |Simmons et al., 2014], and more automated processes

such as isophotal analysis and Fourier analysis [e.g., Buta et al., 1998, Elmegreen|

et al.l 2004, [Guo et al., 2023| 2025] [Jogee et al. 2004, Marinova and Jogee], 2007,
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YRR A

Figure 1.5: Optical through mid-infrared images of the galaxy NGC 1097 in the
3.6um, R, and B bands with an ellipse showing the maximum ellipticity of the bar
[Fig. Al from Menéndez-Delmestre et al. [2024].

Wozniak et al., 1995]. Visual classifications are beneficial for identifying weaker
bars and those in more disturbed systems; however, this method requires trained
participants whom can confidently identify bar structures, and is labor expensive,
especially with the recent rise in large astronomical surveys. Hence, automated
techniques can aid or replace visual classification methods, which are faster and can
process larger quantities of data. Automated methods can characterise signatures
in the radial profiles of barred galaxies, as shown in Figure [1.6] Firstly, the ellipse-
fit method fits ellipses to the image isophotes, from which position angle (PA) and
ellipticity (¢) measurements are obtained; the parameter radial profiles are then used
to identify a bar feature. The criteria for bar identification vary across studies, but
they generally agree that, within the bar-dominated region, the PA remains constant
while € gradually increases. The end of the bar can be defined by taking the radius
of either the peak ellipticity, or the one with the minimum ellipticity succeeding
the peak ellipticity, or where a significant change in PA occurs, or a combination
of these three metrics. Alternatively, the bar can be characterised by the m = 2
Fourier mode of the surface brightness distribution |[Abraham et al., 1999, which is
particularly beneficial for the method’s sensitivity to weaker and smaller bars.
However, these techniques have their limitations: ellipse-fits are limited to well-
resolved stellar structures and are sensitive to star-forming regions, interactions,
and foreground sources; Fourier analysis requires deprojecting galaxy images, which

becomes challenging for galaxies beyond the local Universe. In a z < 0.01 sample
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Figure 1.6: Bar lengths (vertical dashed lines) measured on r-band images (left
panels) via the method of ellipticity radial profiles from fixed ellipse fits (middle
panel), and m = 2 Fourier amplitude radial profiles (right panels) [Fig. 6 from
Aguerri et al., 2009].

with galaxies M, <-15.2, Lee et al.| [2019] found the bar fractions for three different
identification techniques: 63 per cent by visual inspection; 48 per cent by ellipse
fitting; 36 per cent by Fourier analysis. Additionally, in their study, they concluded
that ellipse fitting techniques could miss ~ 15 per cent of visually classified bars
due to large bulges in early-type spirals. Using a deep convolutional neural network,
Abraham et al.| [2018] identified bars with good accuracy. Surveys are now conducted
at remarkably large scales, so automated techniques and machine learning le.g.,
Cheng et al., 2021] will become vital for morphological classification, but corrections
to account for biases in the bar fraction and bar properties must be determined.
Observational investigations into the abundance of stellar bars in disc galaxies
up to z ~ 1 found a linear decrease in their frequency with increasing redshift
[Abraham et al., 1999, |Jogee et al..[2004, Melvin et al., 2014, |Sheth et al.,|2003}, 2008].
This declining trend is observed across all these studies, which employ different
identification techniques, samples, and instruments. For the broad redshift range
0.0 < z < 1.5,|/Abraham et al.| [1999] found a decline in the Hubble Deep Field-North

and -South bar fraction. For the more constrained redshift range 0.20 < z < 0.84,
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Sheth et al|[2008] found a decrease in the bar fraction from the 2 deg® Cosmic
Evolution Survey (COSMOS), for which both visual and ellipse-fitting techniques
were employed. From z ~ 0.4 to z ~ 1.0, [Melvin et al. [2014] found the COSMOS
bar fraction to decrease by a factor of two, using visual classifications. In the high
redshift regime of 2z ~ 1, |Simmons et al. [2014] discovered prominent bars using
Galaxy Zoo, and reported that the bar fraction remains at 10 per cent for z > 1.
Two observational studies of the evolution of the bar fraction with redshift find no
sign of a sharp decline at z > 0.7: [Elmegreen et al. [2004] found a near constant
bar fraction of 0.23 + 0.03 at redshifts from z = 0 up to z ~ 1.1 for a sample of
186 disc galaxies; \Jogee et al.| [2004] found the optical bar fraction for a sample of
galaxies in the Galaxy Evolution from Morphologies and SEDs (GEMS) survey to
be ~ 0.3 £ 0.06 which remains constant at redshifts 0.2 < z < 1.0. These studies
required high-resolution, sensitive imaging across a large sky area, which the Hubble
Space Telescope (HST) has achieved; however, to investigate bars at earlier epochs,
further instrumental improvements are necessary. These observational studies at the
redshift range 0 < z < 1 imply that bar features cease to exist at greater lookback
times, suggesting that bar-driven evolutionary processes do not commence until ~ 6
Gyr after the Big Bang.

Studies based on cosmological simulations yield heterogeneous results for the
bar fraction, with some agreeing with observations and others contradicting them.
Kraljic et al. [2012] found a depletion in the number of bars in present-day spiral
progenitors at 0 < z < 2, implying a violent phase of galaxy evolution where discs
are dynamically hot, and there are excessive merger events. However, |Athanassoula
et al.| [2016] followed the merging of two disc galaxies and found that the merger
remnant starts forming a bar before the disc is fully developed. |Rosas-Guevaral
et al. [2022] used TNG50 simulations [Nelson et al. 2019] to trace the bar fraction
evolution with redshift and showed that the bar fraction increased to ~ 50 per
cent at z ~ 1 and only significantly decreased at ~ z > 2. Even at z ~ 6, the
simulated bar fraction, at a minimum, reached ~ 25 per cent. The bar fraction
found in the Auriga cosmological zoom-in simulations from Fragkoudi et al.| [2020]

are in good agreement with observational studies, where for redshifts 0 < z < 1.5
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the bar fraction decreased from ~ 70 per cent to ~ 20 per cent.

The advent of the James Webb Space Telescope (JWST) has enabled bar-fraction
studies to extend to z ~ 4 owing to its improved sensitivity and extended wavelength
range. Recently, several studies of bar fractions using visual and ellipse-fitting tech-
niques have identified barred galaxies at this early epoch. The first JWST bar
fraction study, [Le Conte et al., [2024], observed a decrease in the visually classified
bar fraction from =~ 18 per cent at z ~ 1.5 to ~ 14 at z ~ 2.5. This result was
later verified by Le Conte et al.| [2026] in a range of NIRCam wavelengths and for
the extended redshift range 1 < z < 4, which measured a bar fraction of ~ 7 per
cent at z ~ 3.5. For the redshift range 0.5 < z < 4, |Guo et al. [2023, 2025] used
ellipse fits for bar identification, and found the fraction to decrease from 28.2 4+ 3.6
per cent to 6.4 4+ 2.4 per cent across the redshift range. For the same redshift range,
Géron et al.|[2025] found the Galaxy Zoo bar fraction to decrease from 25 per cent
to 3 per cent. At the two redshift bins of 0.8 < z < 1.3 and 2.0 < z < 2.5, |[Espejo
Salcedo et al.|[2025] determined that the bar fraction decreases from 16 per cent to 3
per cent. Such studies indicate that bar-driven internal evolution began ~ 11 Gyrs
ago, but only in a small fraction of disc galaxies. To fully understand the evolution
of the bar fraction, it is necessary to investigate the wavelength dependence in this

high-redshift regime and to correct for observational biases.

1.2.4 Structural properties

Bar characteristics reveal the formation mechanisms and evolutionary tracks of these
settled, rotationally supported disc galaxies. Below, I describe the structural prop-
erties of stellar bars, their relationship with the host disc galaxy, and their evolution
over cosmic time.

The distinct radial light profile of a bar is brightest along the bar major axis
and is fainter along the bar minor axis [Sellwood and Wilkinson [1993]. The surface
brightness profile can be described by different parametric laws, for example, as a
flat profile, as shown in Figure[1.7] The flat-bar profile was found to be preferentially
observed in higher-mass galaxies, which are early Hubble types, redder in colour, and

have lower gas fractions [Erwin et al., 2023]. The surface-brightness profile of a bar
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Figure 1.7: Plots of bar isophotes and profiles for four types of bar surface-brightness
profiles [Fig. 1, 2, 3 & 4 from [Erwin et al., [2023]. The top-left panel shows the classic
‘flat bar’ profile with peak and shoulders. The other panels show three subtypes of
the classic exponential profile, from top right to bottom right: true exponential;
‘Two-Slope’ with a shallow inner slope and a steeper outer slope; and ‘Flat-Top’
with a constant inner region and a steep outer slope. Images show the bar position
angle with solid blue lines, the bar radius with blue dots, and the dashed lines show
the bar minor axis. The profile along the bar major axis is shown in black lines, and
the minor axis in grey lines. Vertical blue lines mark the bar radius, and red lines
show the position angle and extent of the B/P bulge.

was found to correlate with the Hubble type of the disc galaxy in an earlier study,

where [Elmegreen and Elmegreen| [1985] observed flat surface-brightness profiles in

early types and exponential profiles in late-type discs. The bar follows a Sérsic
profile, characterised by the Sérsic index ny,,., that controls its shape. Low Sérsic
index values correspond to flatter profiles, and as ny,, increases, they become more
centrally concentrated. For nearby galaxies, found the bar profile lies
halfway between a Gaussian and an exponential, with ng,, = 0.7. The radially bright

light profile of the bar causes a prominent light deficit along the bar’s minor axis,

known as the ‘dark gap’ [e.g., |Aguerri et al, [2023] |Ghosh and Di Matteo, 2024, Kim|
, 2016|. The extent and strength of dark gaps strongly correlate with the length

of the bar; however, the location of dark gaps is only weakly correlated and therefore

cannot be used as a robust proxy to determine the bar length measurements [Ghosh

and Di Matteo, 2024].

Deciphering the bar’s profile becomes challenging because the surface-brightness
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profile includes central stellar structures, such as the bulge, which distort the bar
from a perfect ellipse. To address this difficulty, the photometric decomposition
procedure is used to separate components in galaxy images and derive the light
contributions of each component. Once the morphological classification of a galaxy
is determined, photometric decomposition can be employed to unveil the structural
properties of each component. In the last two decades, multiple algorithms have been
developed to perform 2D image decompositions, namely Galaxy Fitting [GALFIT
Peng et al., 2002], Bulge/Disk Decomposition Analysis [BUDDA de Souza et all
2004, |Gadotti, 2008, ; although bars were later introduced to the model fitting in
version 2|, and Image Fitting [IMFIT |Erwin, 2015, ; which is used in this thesis].
Figure [I.§ presents the employment of GALFIT on the nearby galaxy NGC 5101,
showing the original and masked galaxy image, the fitted models, and the residual
image. Models derive the structural properties of the component, whilst the residual
image reveals unmodelled substructures. Despite photometric decompositions being
robust, studies use a variety of techniques, including ellipse fits and Fourier analysis,
to determine bar properties.

Bars have been found to form in a variety of disc galaxies, including dwarf
galaxies; however, the highest incidence of bars is in M, = 3 x 10°Mg to 101°M
disc galaxies, and as shown in Figure [I.9] declines for higher and lower mass galaxies
Erwin [2018]. Nearby studies have identified bars to be in preferentially massive,
gas-poor and red discs [e.g., |Cervantes Sodi, 2017, Gavazzi et al., 2015 Masters
et al., 2011], but [Erwin| [2018] contradicted this by suggesting that SDSS samples
under-predicted the bar fraction at lower stellar masses, preferentially missing blue
gas-rich galaxies.

Despite bars being relatively compact features at the centres of galaxies, their
shapes and sizes can vary substantially with host galaxy and viewing angle. The
shape of a bar is commonly determined by fitting elliptical isophotes to the galaxy’s
surface-brightness profile and can range from elliptical to more rectangular, known
as a boxy bar. Nearby bars have a range of ellipticities, e = 1 — b/a, where b/a is
the bar axis ratio, typically between 0.4 and 0.8 and peaking at 0.6 [Gadotti, 2011].

These bars have boxiness values, ¢, between 2 and 3.5 |Gadotti, 2011], where ¢ = 2
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Figure 1.8: Photometric decomposition of a barred galaxy [Fig. 18 from ,
2015]. The galaxy image is shown in the top left, with the four right panels showing
the masked image (top), the model-subtracted residual image (middle), and the
model images (bottom two). The bottom left panels show the 2D profiles of the
observed and model images for the inclusion and exclusion of the bar model.
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Figure 1.9: The fraction of disc galaxies with bars in the S*G sample as a function
of stellar mass [Fig. 5 from [Erwin, 201§].

indicates a purely-ellipsoidal shape and ¢ > 2 is more boxy.

Bars can vary in size by an order of magnitude, where some nearby bars are < 1
kpc in length (although these are typically referred to as ‘nuclear bars’, as opposed
to the ‘normal’ bars discussed here), all the way to > 10 kpc, which are extremely
strong and dominant features. (Gadotti [2011] observed the peak in bar length to
be 4.5 kpc for nearby barred galaxies. Extending to higher redshifts, 0.2 < z < 0.8,
Kim et al.| [2021] observed the bar length of over 300 galaxies in the COSMOS survey
and measured a mean length of ~ 4.5 kpc for galaxies log(M,/Mg) < 10.6.

Theory suggests that, over time, a bar will grow in length. This evolution is
due to the slowing down of the rotational pattern speed of the bar, resulting in the
location of resonances extending to greater radii, thus allowing the trapping of stars
on elongated orbits to reach these new limits |[Athanassoulal 2003]. In the Auriga
cosmological simulations, bars that form at z < 1 form short in length and grow
with time, whereas those formed at high-z form very long (with a semi-major axis
of about 6 kpc), possibly due to an interaction-driven bar formation, and do not
show an evolution in length [Fragkoudi et al., [2025], i.e., they form ‘saturated’ in
length. Alternatively, some cosmological simulations find weak interaction-induced
bars at Cosmic Noon [e.g., [Bi et al., 2022, which weaken and reform throughout
their evolution.

Observations of nearby galaxies have reported that bar lengths evolve, growing

over Cosmic time. In a sample of 300 nearby barred galaxies, Gadotti [2011] found
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longer and stronger bars in galaxies with a higher bulge-to-total luminosity ratio
(indicating more evolved galaxies), suggesting that the bars grow longer and stronger
with time. A similar argument was put forward by Erwin| [2018], who found that
more massive galaxies host longer bars in a sample of nearby barred galaxies from the
Spitzer Survey of Stellar Structure in Galaxies [S*G [Sheth et all 2010]. Recently,
with direct measurements of bar ages in nearby galaxies of the TIMER sample
[Gadotti et al., 2019], de Sé-Freitas et al. [2025] found that older bars are longer.
It should be noted that these observational results are, to date, still consistent with
the Auriga results, whereby bar growth depends on bar formation epoch. More
explicitly, the oldest bars form around the time of a significant merger with bar
lengths > 4 kpc that do not evolve, whereas younger bars appear to form shorter
(< 4 kpc), but grow up to twice their formation length.

The Milky Way has properties similar to those of nearby barred galaxies. The
length of the bar is &~ 5 kpc [Bland-Hawthorn and Gerhard} 2016], with an ellipticity
of 0.6 [Bovy et al.| [2019], and exhibiting an exponential luminosity profile [Wegg
et al., 2015].

1.3 Bar-driven evolution

The stellar bar is the primary driver of internal secular evolution in a disc galaxy.
The strongly non-axisymmetric structure effectively facilitates the redistribution of
angular momentum from the inner to outer disc and out to the halo, thus influencing
the morphology [e.g., |[Athanassoula), [2005] 2003, Di Matteo et al., 2013, Fragkoudi
et al.|, 2018] |Lynden-Bell and Kalnajs|,|1972, [Menéndez-Delmestre et al., 2007, Regan
et al., [2006]. The process has a dramatic effect on gas transportation, particularly in
the form of inflows towards the central kiloparsec of the galaxy. Hence, it enhances
star formation and creates a gas reservoir at the centre of the galaxy. The mecha-
nisms of gas transport at the centre of the galaxy are crucial for understanding the

fuelling of the central SMBH and, thus, active galactic nuclei (AGN).
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1.3.1 Angular momentum

A rotationally supported disc galaxy simultaneously attempts to minimise its en-
ergy whilst conserving angular momentum. To conserve angular momentum, dif-
ferent regions of the galaxy will either lose or gain angular momentum, achieved
by transporting angular momentum and mass outward |[Lynden-Bell and Kalnajs,
1972]. Thus, stellar systems will simultaneously contract towards the centre and
expand their outer regions to greater radii. The shedding of angular momentum
is effectively supported by the stellar bar |Athanassoula, |2003]. The bar achieves
this by trapping circular orbits of disc stars and transforming them into more elon-
gated orbits, which, in turn, increase the bar’s length, making it stronger. As these
orbits become more elongated, the bar becomes thinner. This process can happen
simultaneously with the bar pattern speed slowing down, thus extending the CR
to greater radii and trapping further stars [e.g., Athanassoula) 2003, Athanassoula;
and Misiriotis, 2002]. The location of angular momentum exchange is at the reso-
nances, in which the ILR expels, and the CR absorbs [Ceverino and Klypin, 2007].
This has been tested in N-body simulations, which show that the disc loses angular

momentum and the halo gains it [Athanassoula, 2003].

1.3.2 (as dynamics

Bars play a major role in transporting gas in the disc, with substantial effects on
star formation throughout the galaxy. Gas inflow is promoted by the loss of angular
momentum from shocks in gas clouds when they interact with the torques generated
by the bar [e.g., Kim et al., 2024]. The bar transports gas from the outer disc,
along the bar dust lanes, and deposits the gas within a few kpc of the galaxy
centre [Athanassoula) 1992]. Bar-driven gas inflow is supported by observational
studies that have measured higher molecular gas content within the first kpc of
barred galaxies than in unbarred galaxies. [Sheth et al. [2005] confirmed the result
of Sakamoto et al.| [1999], namely that the central kiloparsec of barred galaxies
contains a higher degree of molecular gas concentrations. In simulations, Fragkoudi

et al| [2016] observed a consequential reduction in the gas inflow to the central
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kiloparsec associated with the growth of a vertical bar component, i.e., the B/P
bulge. At the galaxy centre, the gas supports the formation of rotationally supported
substructures, i.e., the nuclear disc, rings, and bar. Hence, the innermost region of
barred galaxies experiences the compression of gas and enhanced star formation
le.g., |Allard et al., 2006, Bittner et al., 2020, Coelho and Gadotti, [2011} lde Lorenzo-
Caceres et al., 2012, |(Gadotti et al., 2020, Knapen et al., 1995, Sanders and Tubbs,
1980).

Whilst star formation is enhanced in some regions of barred galaxies, the bar
depletes star formation in other areas. Specifically, within the radial extent of the
bar. For a small sample of barred galaxies, Neumann et al.|[2020] explored the star
formation history across the bar region, and found intermediate-aged stars (2 - 6
Gyrs) to have the most elongated orbits, whilst the oldest stars (> 8 Gyrs) constitute
the rounder and thicker part of the bar, and the youngest stars are found along the
leading edge of the bar. In a comparative analysis of barred galaxies, Neumann
et al. [2019] found a clear divide between star-forming and non-star-forming types
that linked to the bar surface-brightness profile, with the flattest bars being actively
star-forming. Additionally, it was reported that star formation is 1.75 times stronger
on the leading than on the trailing edge of the bar and decreases radially.

Star formation along the bar remains poorly understood; however, some studies
find that in violent dynamical environments, shocks and shear along the bar strongly
impact star formation [Emsellem et al., 2015, Kim et al., 2024]. Finally, [Emsellem
et al.| [2015] commented on the interplay at the subparsec scale between a galactic
bar and the AGN in simulations, and found shear to inhibit star formation in gas-rich
regions of the bar. Altogether, the acceleration of star-formation in the innermost
regions [e.g., Lin et al., 2017], which consumes the reservoir of gas, in addition to the
depletion of star-formation in the disc, means that the bar significantly contributes

to the quenching of disc galaxies [e.g., Masters et al., 2011].

1.3.3 Boxy/Peanut structures

While bars are clearly observed in face-on disc galaxies, they are significantly harder

to identify in highly inclined systems. However, evidence of their presence comes
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Figure 1.10: Edge-on barred galaxy ESO 597-G036 with a clear boxy/peanut struc-
ture, captured by the NASA/ESA Hubble Space Telescope.

from the observation of a vertical stellar component formed by dynamical processes.
Once a strong rotating bar forms in a thin disc, the system can undergo a second
instability, driven by resonant heating and dynamical instabilities. Orbits are trans-
formed vertically out of the disc plane by the 2:1 resonance, forming a characteristic
boxy or peanut-shaped (B/P; otherwise referred to as X-shaped) bulge when viewed
edge-on. This vertical thickening is in alignment with the semi-major axis of the bar
le.g., |Carles et all 2016, (Combes and Sanders| 1981, (Combes et al., 1990, [Ishizuki
et al., 1990, Kormendy, (1982, Kormendy and Kennicutt, [2004].

In the local Universe, B/Ps are common structures in barred galaxies; using
imaging, Erwin and Debattista [2017] found an occurrence of ~ 80 % in Milky
Way-like mass galaxies, which declines in lower-mass barred galaxies. These studies
are challenged by the fact that B/P structures are visible only over a limited range
of viewing angles, and when the semi-major axis is oriented parallel to the line of
sight, these structures resemble a ‘classical’ bulge. Hence, recent studies employ
kinematics to identify substructures and find that ~ 67 % of their edge-on disc
sample possess a B/P morphology [e.g., Fraser-McKelvie et al 2025]. The vertical
height of the peak in the B/P shape ranges from ~ 0.5 to 1.5 kpc [e.g., Ciambur
and Graham, 2016, [Ciambur et al., 2021]. The B/P extends from one-quarter to
three-quarters of the bar length [Erwin and Debattistal 2017]. Lastly, the Milky
Way is also confirmed to have a B/P [e.g., Kent et al., 1991, Ness and Lang), 2016,
Wegg and Gerhard} 2013)].
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1.3.4 Nuclear stellar structures

As discussed thus far, bars are efficient drivers of gas inflow towards the centre of
the galaxy. The inflow of gas ceases a few hundred parsec from the centre of the
galaxy, and the mechanisms behind this are still debated. Oftentimes described
as the primary cause, the region of halted gas inflow is limited by the ILR of the
bar potential [Shlosman et al., [1989], corresponding to the x5 orbital family, which
populate nuclear discs and rings. However, studies have proposed that the residual
angular momentum in the gas ceases to be inflowing. The gas reservoir creates an
environment that fosters the formation and growth of a flattened, rotating stellar
system at the centre of a galaxy. Both terms, nuclear disc and nuclear ring, have
been introduced, and they are primarily distinguished by their morphological stellar
structures. Nuclear rings show a star-forming ring with a void towards the centre,
whereas nuclear discs are a continuous stellar structure. An example of a galaxy
with a nuclear disc is shown in Figure[L.11] Observations of these nuclear structures
in nearby galaxies suggest that the nuclear ring is simply the star-forming outer
edge of the nuclear disc [e.g., Bittner et al., 2020]. (Gadotti et al.| [2020] supported
this theory by demonstrating that these nuclear structures have the same kinematic
properties; thus, they should be considered equivalent. Despite their morphological
differences, it is believed that the same bar-driven mechanisms form these nuclear
structures.

The formation of a nuclear disc indicates that bar-driven galaxy evolution has
begun, and such structures can form relatively quickly. Simulation and observational
studies have shown that the nuclear disc forms ~ 10® yrs after the bar’s formation
le.g., |Athanassoulal, 1992, [Emsellem et al., 2015, Seo et al., 2019]. Recent studies
of nearby galaxies have reported on the typical size of a nuclear disc being a few
hundred parsecs, and more specifically extending to radii ~ 13% of their bar lengths
[Gadotti et al [2020]. They are a region of densely accumulated mass and have been
measured to have masses of ~ 10°M, [de Sa-Freitas et al., [2025], which can form
a nearly axisymmetric disc, or be the host to non-axisymmetric nuclear structures,
such as a nuclear bar or spiral arms, which form under similar dynamical processes to

the main disc. The nuclear disc also exhibits properties similar to those of the main
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Figure 1.11: A detailed image of the centre of the barred spiral galaxy NGC 1097
captured by NASA/ESA Hubble Space Telescope with the Wide Field Camera 3
(WFC3) and the Advanced Camera for Surveys (ACS), which shows a nuclear disc.

disc, which is described by an exponential radial intensity profile and is kinematically

cold |Gadotti et al.,2020]. The properties of the host galaxy typically influence those

of the nuclear disc, so a range of sizes and properties has been discussed in recent

works [e.g.,|Comerdn et al. 2010, [Erwin, 2004, see also [Schultheis et al.| [2025] for a

review].

The nuclear disc can be observed photometrically or kinematically, and is con-
sidered ubiquitous in local barred galaxies; even the Milky Way is known to have a
nuclear disc, although this is often referred to as the “Central Molecular Zone” [Hen-
shaw et al., 2023, Morris and Serabyn, 1996]. One of the first studies to highlight a

large population of nuclear discs was |Gadotti [2009], which performed photometric

decompositions of nearly 1000 galaxy images from the Sloan Digital Sky Survey
(SDSS), and found that 32% of disc galaxies with bulges were host to a nuclear

disc. The first atlas of nuclear discs was compiled in the Atlas of Images of NUclear

Rings [AINUR: |Comerén et al., 2010], which observed 113 nuclear rings in a variety

of galaxy types. In this large sample of nuclear rings, they found ~ 20% to be
star-forming in local disc galaxies, and a surprising 19% of nuclear rings were found
in unbarred galaxies. However, in several of these peculiar cases, non-axisymmetric

features are present, which could facilitate the formation of a nuclear disc. Since
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these photometric studies, a kinematic study of nuclear discs was conducted, named
as the Time Inference with MUSE in Extragalactic Rings [TIMER: |Gadotti et al.,
2019], which selected a sample of 21 massive barred galaxies with evident nuclear
discs, and observed 19 of these to have rapidly rotating discs.

Inside-out evolution is one of the most convincing scenarios for nuclear disc
growth and is proposed by [Bittner et al.| [2020]. This study utilised the TIMER
sample to derive 2D properties that indicate mean stellar ages, metallicities, and
[a/Fe] abundances. The study reported that, compared with the bar and main
disc, the stellar population in the nuclear disc is younger and more metal-rich.
Additionally, within the nuclear disc, a well-defined radial gradient is observed,
with age decreasing with radius. The radial gradient is due to the radial migration
of the ILR as the pattern speed of the bar slows, and mass is deposited on the
nuclear disc edge [e.g., |Athanassoulal 1992, Kim and Lee, [2012].

Not only is the nuclear disc an interesting environment for secular galaxy evolu-
tion, but it has also recently been used to probe the ages of stellar bars. [de Sa-Freitas
et al.| [2023] introduced a novel technique that used data from the TIMER survey
to disentangle the star-formation history of the nuclear disc from that of the main
disc. This approach assumes that the nuclear disc forms quickly after bar formation,
thereby igniting star formation in the nuclear ring. In |de S&-Freitas et al. [2025],
the authors reported bar ages for the entire TIMER sample and found that bar
formation occurs throughout Cosmic time, is evident in the early Universe, and is
still ongoing in some galaxies today.

In summary, our understanding of nuclear discs has recently expanded with the
advent of advanced telescope facilities; however, there remains scope to explore their
properties, particularly their role in gas transport and AGN fueling. A nuclear disc
is explicit evidence that bar-driven evolution is ongoing in a disc galaxy, and can
be a useful tool to probe bar ages. With the advent of JWST and as observational
techniques continue to improve, there is scope to study nuclear structures beyond

the local Universe.
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1.3.5 AGN fuelling

Major galaxy mergers were long considered the primary drivers of the coevolution
between SMBHs and their host galaxies. However, recent simulations demonstrate
that merger-free black hole growth can be equally significant [e.g., Martin et al.,
2018, [McAlpine et al., 2020, |Smethurst et al) 2024]. In the absence of mergers,
another mechanism must channel gas efficiently toward the galactic centre, and
stellar bars are a compelling candidate. Although the precise influence of bars on
black hole growth remains debated, both theoretical models and observations agree
that bars can effectively funnel gas into the inner kiloparsec [e.g., Alonso et al.,
2013, 2018, |Cisternas et al., 2015, |Garland et al.| 2023, 2024, Knapen et al., 1995,
Silva-Lima et all [2022], building a reservoir to feed the SMBH and potentially
triggering nuclear activity through other processes bringing gas closer to the SMBH
[Athanassoulal, 2003, Garland et al., [2023]. Although some studies find no strong
correlation between bar presence and AGN incidence [e.g., |Goulding et al., |2017],
others report an enhancement of AGN activity in barred systems, suggesting that
bar-driven inflows may play a role under certain conditions [e.g., Knapen et al., 2000].
For a nearby sample of Galaxy Zoo disc galaxies, |Garland et al.| [2024] determines
that the fraction of AGN in strongly barred galaxies is &~ 32%, whilst only 14% in
unbarred galaxies. Thus, while bars are not required for AGN fuelling, they appear

to enable it.

1.4 Thesis structure

It is well understood that in the local Universe, bars are ubiquitous stellar structures
in disc galaxies and that they are the key drivers of internal galaxy evolution; how-
ever, the onset of bar formation and their impact in the early stages of a galaxy’s
evolution have not yet been observed. To date, studies have explored intermediate
redshift ranges (z < 1), which were believed to provide a relatively complete pic-
ture of bar formation and evolution [e.g., Eskridge et al. [2000, Jogee et al., 2004,
Masters et al., [2011} Sheth et all 2008, [Simmons et al., [2014]. However, these ob-

servations faced several challenges in identifying and quantifying the properties of
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a higher-redshift barred galaxy population, including spatial resolution, sensitivity
limitations, and band-shifting. The majority of these observational studies used
HST imaging; thus, a galaxy at z = 1 is probed in the bluest part of the optical
spectrum, where dust and star formation obscure the bar’s older stellar population.
Additionally, the spatial resolution of HST imaging means bars shorter than ~ 2
kpc are missed, thereby excluding more than 10% of barred galaxies in nearby galax-
ies [Erwin, 2018]. Alternatively, simulations predict populations of barred galaxies
beyond z = 1, with some systems displaying properties similar to those in the
local Universe [e.g., Fragkoudi et al.l 2025, Rosas-Guevara et al., [2022]. To fully
understand the onset of bar formation and the significance of bar-driven evolution
in young galaxies, observations of these systems are required during the epoch of
Cosmic Noon.

For the first time, we can explore this high-redshift regime with the JWST. The
imaging instrument, the Near Infrared Camera (NIRCam), addresses the challenges
faced by previous studies. With improved sensitivity and a broader wavelength
coverage, we can now observe Cosmic Noon galaxies at rest-frame wavelengths from
the NIR to the red end of the optical spectrum.

In this thesis, I expand our current understanding of higher-redshift barred galax-
ies by testing whether bar formation begins at z = 1, thereby obtaining, for the first
time, a sample of barred galaxies at Cosmic Noon. I seek to evaluate the role of
bar-driven evolution in these young galaxies by measuring their structural proper-
ties through several analytical techniques, and observing the formation of nuclear

structures.

In Chapter [2| T present the first measurements of the bar fraction at a redshift
range of 1 < z < 3. 1 describe the methodology used to process galaxy
images from the first four JWST Cosmic Evolution Early Release Science
Survey (CEERS) pointings, which are present in the HST Cosmic Assembly
Near-infrared Deep Extragalactic Legacy Survey (CANDELS) observations.
The corresponding HST and JWST disc galaxy samples are obtained from
Kartaltepe et al.|[2015] and |Ferreira et al. [2023]. I optimise the sample to be

near-face-on systems, yielding 368 galaxies. Five collaborators perform visual
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classifications on the HST and JWST images, categorising barred galaxies.
The bar fraction obtained from JWST is twice the bar fraction obtained from
HST, and decreases from =~ 18% for the redshift range 1 < 2z < 2 to 14% at
2 < z < 3. This result shows that bar-driven evolution commences earlier

than we previously thought.

In Chapter 3, I present an extension to my study in Chapter 2. Here, I corroborate
my previous findings using a significantly larger CEERS sample (by a factor
of 2.5) that extends to z = 4, and I measure the visually classified bar fraction
for shorter-wavelength NIRCam filters, which have improved spatial resolution.
Thus, I test whether we can identify a shorter population of high-redshift bars.
I find the bar fraction to be independent of wavelength. In total, we identified
70 barred galaxies beyond z = 1. I use ellipse-fitting techniques to observe the
evolution of the bar length at Cosmic Noon. I show that bars grow in tandem
with their discs, for the bar length normalised by disc size does not evolve
from the local Universe to Cosmic Noon. Finally, in nearby massive galaxies,
a correlation between stellar mass and bar length is observed; however, I find

that this correlation is absent at high redshifts.

In Chapter {4 I present the detailed methodology of photometric decomposition
on the sample of strongly barred galaxies found in my previous studies. With
this rigorous technique, I can measure the structural properties of these barred
galaxies, including the Sérsic index, bar length, bar ellipticity, and bar-to-total
luminosity ratio. I show that these barred galaxies have properties similar to
those of nearby galaxies, suggesting that bar-driven evolution begins shortly
after bar formation and proceeds quickly, enabling these younger galaxies to

resemble those of more mature systems in the local Universe.

In Chapter [}, I share the compelling discovery of the first nuclear disc beyond the
local Universe. One of the most telling signs that effective bar-driven evolution
is underway is the formation of nuclear structures, such as the nuclear disc.
They are formed by the inflow of gas along the bar, which is halted by orbital

resonances. In this study, I perform an in-depth analysis of the NIRCam
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F150W and F200W images of the galaxy CEERS 4031 at z = 1.5. The
techniques included unsharp masking, photometric decomposition, and ellipse
fits, which are consistent with evidence for a nuclear disc 1.3 kpc in radius,
nuclear spiral arms, and potentially a nuclear bar. From SED fitting, I find
that within the nuclear disc region, elevated star formation rates are observed,
and the youngest stellar population resides. Star formation is expected as it
is a consequence of the bar-driven gas inflow, and the nuclear disc properties
observed here are the same as those observed in nearby galaxies. This discovery
urges us to consider the role of bars in galaxy evolution only a few billion years

after the Big Bang.

In Chapter [6] I summarise the findings of this thesis and share an outlook plan for

future work.



CHAPTER 2

A JWST investigation into the bar

fraction at redshifts 1 < 2z < 3

In this chapter, I present a paper published in the Monthly Notices of the Royal
Astronomical Society [Le Conte et al. 2024] on the evolution of the bar fraction

beyond z = 1.

31
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The presence of a stellar bar in a disc galaxy indicates that the
galaxy hosts in its main part a dynamically settled disc and that bar-
driven processes are taking place in shaping its evolution. Studying
the cosmic evolution of the bar fraction in disc galaxies is therefore es-
sential to understanding galaxy evolution in general. Previous studies
using the HST have found that the bar fraction declines significantly
from the local Universe to redshifts near one. Using the first four
pointings from the JWST Cosmic Evolution Early Release Science
Survey (CEERS) and the initial public observations for the Public
Release Imaging for Extragalactic Research (PRIMER), I extend the
studies of the bar fraction in disc galaxies to redshifts 1 < z < 3, i.e.,
for the first time beyond redshift two. I only use galaxies that are also
present in the Cosmic Assembly Near-IR Deep Extragalactic Legacy
Survey (CANDELS) on the Extended Groth Strip (EGS) and Ultra
Deep Survey (UDS) HST observations. An optimised sample of 368
close-to-face-on galaxies is visually classified to find the fraction of bars
in disc galaxies in two redshift bins: 1 < 2z <2 and 2 < z < 3. The bar
fraction decreases from ~ 17.8174 per cent to ~ 13.8732 per cent (from
the lower to the higher redshift bin), but is about twice the bar frac-
tion found using bluer HST filters. These results show that bar-driven
evolution may have begun at early cosmic times and that dynamically

settled discs are already present at a lookback time of ~ 11 Gyrs.
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2.1 Introduction

Barred galaxies are frequent in the local Universe, as discussed in §[1.2.3] Typically,
the bar fraction is traced through cosmic time, defined as the number of barred
structures identified in a sample of disc galaxies. The bar fraction decreases from
> 60% in the nearby galaxy population to ~ 10% at z = 1. Whereby, studies could
not probe bar fractions beyond z = 1 as they were limited by spatial resolution
and instrument sensitivity. However, the JWST has enabled investigations of the
bar fraction at higher redshifts [e.g., Guo et al. 2023]. ITmaging from the NIRCam
probes the rest-frame NIR emission of galaxies at redshifts up to z = 3 and probes
the rest-frame optical at redshifts up to z = 7; NIR emission traces the older stellar
populations, which dominate bar features and are also less affected by dust extinction
and recent star formation. In addition, the primary mirror on JWST is over 2.5 times
the diameter of the HST primary mirror, meaning that the sensitivity of JWST
is significantly better. The improved sensitivity, along with JWST’s longer rest-
frame wavelengths, makes elongated bar structures more discernible than in their
counterparts in HST images [e.g., Huertas-Company et al., 2023]. For this reason,
we can now study the bar-driven evolution of galaxies with JWST by searching for
the epoch at which stellar barred structures form in disc galaxies.

In this study, I use the first four NIRCam JWST observations from CEERS
to track the evolution of the bar fraction at redshifts z = 1 — 3. To this aim,
collaborators and I visually classify a mass-complete sample of these high-resolution
rest-frame NIR images for barred features in disc galaxies.

This chapter is organised as follows: in § I describe the NIRCam image-
reduction pipeline and my sample selection. Stellar bar identification techniques
and my methodology for visual classifications are discussed in § In § I
present the bar fraction for two redshift bins, 2 = 1 — 2 and 2 = 2 — 3. §
discusses the implications of my findings on when bar-driven evolution commences,
and I summarise my results in § 2.6 Throughout this thesis, I assume the latest
Planck flat ACDM cosmology with Hy = 67.36, ,, = 0.3153, and 2, = 0.6847
[Planck Collaboration et al., [2020].
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2.2 The parent sample

To define my sample, I use the initial four public NIRCam JWST observations
from the Cosmic Evolution Early Release Science Survey (CEERS; PI: Finkelstein,
[D=1345, Finkelstein et al.[|2023, CEERS1, CEERS2, CEERS3 and CEERS6) taken
in June 2022 that overlap with the Cosmic Assembly Near-IR Deep Extragalactic
Legacy Survey (CANDELS; Grogin et al.||2011] Koekemoer et al.2011) on the Ex-
tended Groth Strip field (EGS), as well as the initial public observations for the Pub-
lic Release Imaging for Extragalactic Research (PRIMER; PI: Dunlop, ID=1837,
Dunlop et al|2021), that overlap with the CANDELS Ultra Deep Survey (UDS)
Field observations. Together, the data cover ~ 30 arcmin? of an area with CAN-

DELS HST overlap.

2.2.1 Data reduction pipeline

We reprocess all uncalibrated lower-level JWST data products using a modified
version of the JWST official pipeline. This is similar to the process used in |/Adams
et al. [2023] and exactly the same reductions as used in Ferreira et al.|[2023], which
can be summarised as follows: (1) We use version 1.6.2 of the pipeline with the
Calibration Reference Data System (CRDS) version 0942 which was the most up-
to-date version at the time these data products were generated. Use of CRDS
0942 is essential for zero point issues as discussed in |Adams et al,| [2023]. (2) We
apply the 1/f noise correction derived by Chris Willott on the resulting level 2 data
of the JWST pipeline.ﬂ (3) We extract the sky subtraction step from stage 3 of
the pipeline and run it independently on each NIRCam frame, allowing for quicker
assessment of the background subtraction performance and fine-tuning. (4) We align
calibrated imaging for each individual exposure to GAIA using tweakreg, part of
the DrizzlePac python packageﬂ (5) We pixel-match the final mosaics with the use
of astropy reproject. The final resolution of the drizzled images is 0.03"pixel .

Furthermore, an additional step was added for the PRIMER reductions in step

'https://github.com/chriswillott/jwst
Zhttps://github.com/spacetelescope/drizzlepac
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(2) above due to the presence of a significant stripping pattern artefact at a 45-degree
angle in the NIRCam footprint, resembling the diffraction pattern of a bright star
outside the field of view of the camera. This issue was resolved by adapting the 1/f
noise algorithm: first, rotate the observations by 45 degrees to align the pattern with
one of the axes, then subtract the background for each row using its mean. Finally,
the adjusted file is rotated back to its original orientation. This drastically reduces
the artefact in the final products, although some remain visible in colour composites
because the artefact is non-uniform across different NIRCam filters. Galaxy stamps
that present these residual artefacts are flagged during subsequent classification as
described in §[2.3.3

Each of the four June CEERS observations was processed into an individual
mosaic, while the PRIMER UDS observations were stacked into a single mosaic due

to the large overlap.

2.2.2 Sample selection

To produce a selection with robust photometric redshifts and stellar masses, I use the
CANDELS-based catalogues from Duncan et al.| [2019], which include observations
from HST, Spitzer, and ground-based facilities. These redshifts are robustly cali-
brated from spectroscopic redshifts, with an average outlier fraction of % ~ 5%
(see Duncan et al.[2019 for details).

From these catalogues, I select all sources within the footprints of the CEERS
and PRIMER observations outlined previously. All sources with photometric red-
shifts and stellar masses that are present in both CANDELS and the new JWST
observations are selected. Additionally, no magnitude or signal-to-noise cut is ap-
plied to mitigate selection bias arising from differences in sensitivity between HST
and JWST, preventing JWST bright galaxies from being excluded when they are
faint in HST bands. Then, all overlapping sources between 1 < z < 3 are selected,
resulting in a parent sample of 5218 galaxies present within the combined area of
CEERS+PRIMER and 5445 galaxies in the area of CANDELS EGS and UDS fields,

including 3559 galaxies with visual Hubble type classifications from |Ferreira et al.

[2023] at z > 1.5. I note that some galaxies fall between the NIRCam detectors;
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therefore, although they are included in the HST sample, they cannot be analysed
using JWST data.

For each of the CEERS+PRIMER 5218 galaxies in the sample, we produce
30 mas 128 x 128 pixel cutouts for the JWST filters, namely F356W and F444W.
For the 5445 CANDELS galaxies observed with the HST Wide Field Camera 3
(WFC3) F160W filter, we produce 60 mas 64 x 64 pixel cutouts covering a consistent
angular field of view, enabling us to probe the same galaxies in a relatively similar
wavelength regime between the two instruments. In this study, I select the F444W
JWST filter and compare these galaxies with those observed with the HST WFC3
F160W filter.

2.3 Bar identification

The random orientation of galaxies complicates observational attempts to measure
bar lengths. Stellar bars are distinguishable in near-face-on galaxies and become less
well defined in high-inclination galaxies. This study aims to determine the fraction
of disc galaxies that harbour a bar in an optimised sample of F444W NIRCam and
F160W WFC3 images. For my bar identification process, I use visual inspection of

galaxy images and radial profiles of position angle and ellipticity.

2.3.1 Sample optimisation

Given the challenges of identifying bars, as noted above, I removed highly inclined,
faint, or poorly resolved galaxies from the sample using an automated process. This
optimisation process is intended to remove only galaxies that would be visually
classified as ambiguous or unclassifiable. To do so, I fit ellipses to the isophotal
contours of all galaxies in the parent sample to extract radial profiles of ¢ and PA
[see, e.g.,|Aguerri et al., 2009, Barazza et al. 2008, 2009, Gadotti et al.,[2007]|. Figure
2.1|shows, in the left panel, the ellipse fits superposed on the F444W NIRCam image
of the galaxy EGS 23205, and in the right panel, radial profiles of the ¢ and PA of
the fitted ellipses. EGS 23205 is an example of a barred galaxy in this study and is

observed relatively face-on.
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Figure 2.1: Elliptical isophotal fits using the module photutils.isophote from
Python’s astropy package [Bradley et al., [2022] to logarithmic F444W NIRCam
images of the galaxy EGS 23205 at redshift z ~ 2.12. The left-hand side shows the
F444W image, annotated with pixel coordinates (top) and superimposed elliptical
isophotal fits (bottom). The right-hand side shows radial profiles of the ellipticity
(¢) (upper) and position angle (PA) in degrees (lower) as derived from the ellipse
fits.




2.3. Bar identification 38

Before visually classifying galaxies as barred or unbarred, I apply a three-step
procedure to obtain my final, optimised galaxy sample containing galaxies in which
a bar can be identified robustly: (1) ellipse-fitting to NIRCam images without fixing
the centre; (2) second ellipse-fitting with fixed centres; (3) removal of highly inclined

galaxies. In the following, I give a detailed explanation of these three steps:

Phase 1 Elliptical isophotes are fitted to F444W NIRCam images of the JWST
galaxy sample and analysed using photutils.isophote from Python’s as-
tropy package [Bradley et al., 2022]. This package uses an iterative method
to measure the isophotes [Jedrzejewski, 1987]. The objective in this optimisa-
tion phase is to eliminate galaxies that are overly disturbed, extremely poorly
resolved, or low-surface-brightness and visually unclassifiable. In general, the
algorithm fails to produce any result when applied to these objects. Therefore,
at this stage, all galaxies for which successful fits can be obtained are retained,
even if the fits do not perfectly align with the galaxy. Approximately 30% of
the parent sample had successful ellipse fits in the F444W filter. The remain-
ing ~ 70% of galaxies that failed ellipse fittings are overly disturbed, poorly
resolved, and/or low surface brightness systems and were removed from the
sample. In addition, in a small number of cases, these were images of point
sources that clearly showed the unique JWST point-spread function (PSF)

diffraction spikes.

Phase 2 The ellipses fitted in the previous step do not have a specified centre,
which may prevent the correct identification of highly inclined galaxies. I thus
first fit the inner 10%—40% of the isophotes to the galaxy, and take the aver-
age position of the centre of these isophotes as the galaxy centre. The choice
for this range of radii ensures that one has enough pixels to compute a statis-
tically robust position of the galaxy centre and simultaneously avoids strongly
asymmetric structures, which are often at larger radii. By using isophotes up
to 40% of the fitted outer radius, I minimise the effect of a bright, near-central
point source on shifting the centre of isophotal fits from the correct galaxy

centre. Visually inspecting the fits, I do not see this as a significant issue. It
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is also important to note that a bright point source overlapping the galaxy
will often render the galaxy visually unclassifiable, thereby removing it from
the Phase 1 sample. In addition, a function assesses pixel values within a
10 x 10 pixel window centred on the new galaxy’s central pixel coordinates
to ensure that bright foreground stars do not influence the determination of
the galactic centre. To improve convergence stability against non-elliptical
structures, including stars, photutils.isophote clears aberrant points from
each isophote with a k-sigma algorithm. I then rerun photutils.isophote
on F444W NIRCam galaxy images with the specified central positions fixed.
With fixed centres, the ellipse fits failed for approximately 26% of the newly
optimised sample. I verified that the failed ellipse fits correspond to galaxies
with overly irregular or ambiguous morphology. These systems are also re-
moved from the sample. I use the default scheme developed by |Jedrzejewski
[1987] to determine when fitting stops. By visually inspecting the fits, I verified
that the fits only rarely stop before reaching the outskirts of the galaxy.

Phase 3 An inclination limit of ¢ < 60° is applied to remove highly inclined galaxies,
as it is difficult to identify if a bar is present in these cases. I define the
inclination of a galaxy by measuring the ellipticity of the outermost fitted
ellipse,

b
e=1--, (2.1)

where b is the semi-minor axis length and a is the semi-major axis length. The
inclination is defined as

b
) = —. 2.2
cos1 " (2.2)

Approximately 34% of the galaxies in the F444W filter of the newly optimised
sample were seen to be too highly inclined and were removed from the sample.
While highly inclined, disturbed, and edge-on galaxies have been removed in
this and previous phases of the optimisation, I note that a residual fraction
of regular disc galaxies with inclinations greater than 60° still entered the
optimised sample despite this final optimisation step, which means my final

bar fractions could be slightly underestimated (although, in some cases, a bar
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Phase HST JWST
Ngai removed  Ng, remain  Ng, removed N, remain
1 4980 465 3635 1583
230 235 416 1167
3 102 133 399 768

Table 2.1: Number of galaxies removed from the sample and the resultant sample
size after each optimisation phase. Col. 1: the optimisation phase. Col. 2 and
Col. 3 are in the context of HST CANDELS F160W images. Col. 2: the number
of galaxies which failed to meet the phase criteria. Col. 3: the sample size after
the criteria are applied, with phase 1 being applied to the parent sample. Col. 4
and Col. 5 are the same as Col. 2 and Col. 3, but in the context of JWST CEERS
F444W images.

could be seen despite the high inclination). I speculate that a combination
of relatively poor spatial resolution and lower outer-surface brightness than
that of local galaxies is responsible for the residual highly inclined galaxies

remaining in the optimised sample.

I applied this three-step optimisation procedure to my initial large CEERS
F444W galaxy sample, ensuring that elliptical isophotes could be fitted to the galaxy
image, that an identified galactic centre was present, and that the galaxy was not
edge-on. The resultant optimised sample of galaxies suitable for my analysis is 768
CEERS images in the NIRCam F444W filter (hereafter referred to as the optimised
JWST sample). Of the optimised galaxy sample, 404 galaxies are between the red-
shifts 1 < z < 2, and 364 galaxies are between the redshifts 2 < z < 3. Before
visual classifications, a collaborator (DG) visually verified that all removed objects
were indeed poorly resolved, overly faint/irregular, or too inclined. Table gives
the number of galaxies removed at each phase and the resultant galaxy sample size.

To measure the difference in the bar fraction between JWST and HST, I also
applied the three-step optimisation procedure in my HST CANDELS F160W galaxy
sample. This reduced my HST CANDELS sample to an optimised sample of 133
galaxies (hereafter referred to as the optimised HST sample). The reduced sensi-
tivity and bluer wavelength range of HST mean that many galaxies appear highly
pixelated, making features difficult to discern. Therefore, the ellipse-fitting tech-

nique failed for many of these galaxies, greatly reducing the optimised HST sample
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size.

2.3.2 Disc identification

Naturally, the bar fraction is the number of barred galaxies divided by the number
of disc galaxies, and I therefore need first to compute the latter. The variations
in morphology and orientation dependence make disc galaxies challenging to iden-
tify visually. Given the different wavelength ranges probed by JWST and HST, I
compute the disc fraction in my parent samples to avoid potential bias from my
optimisation procedure on the number of disc galaxies, and then extrapolate it to
the optimised sample. This is also important because the optimised sample is sig-
nificantly smaller than the parent sample, and uncertainties thus increase. I obtain
the JWST disc fraction from the published visual classifications in [Ferreira et al.
[2023]. In their study, six independent participants visually classified 3559 CEERS
sources in their rest-frame NIR images using the NIRCam filters F277W  F356W,
and F444W over the redshift range z = 1.5 — 3.0, which contained 1531 discs. The
disc fraction found in [Ferreira et al.| [2023] does not extend to the lower end of the
redshift range selected for this thesis. Thus, I assume that the disc fraction between
redshifts 1 and 1.5 is the same as between redshifts 1.5 and 2. For the redshift bins
1 <z<2and 2 < z < 3, the disc fraction of the optimised JWST sample is thus
faise = 0.49 £ 0.039 and [y, = 0.39 + 0.046, respectively. The systematic error
on fgse is the standard error of fu,. found by the six participants in |Ferreira et al.
[2023]. By extrapolating fus. to the optimised JWST sample, the number of disc
galaxies countgs. = 196 and 143 for 1 < 2z < 2 and 2 < z < 3, respectively.

For the HST sample, T use the visual classifications by Kartaltepe et al.| [2015]
to determine the optimised HST fgs.. For the redshift bins 1 < z < 2 and 2 <
z < 3, the disc fraction of the HST parent sample is fgs. = 0.75 and fgi. = 0.78,
respectively. It is important to point out that the detailed classification of Kartaltepe
et al. [2015] includes disc galaxies in the category ‘irregular’, which is also further
subdivided in categories such as ‘spheroid and irregular’ to separate disc galaxies that
are irregular from both disc galaxies with regular morphology and spheroidal galaxies

that are irregular. I thus include in fg. a smaller fraction of galaxies (~ 15%) noted
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as irregulars (but after removing those noted as ‘spheroid and irregular’) following
the classifications of Kartaltepe et al. [2015], strictly. It is important to include these
galaxies in fgs. because these are disc galaxies despite their disturbed morphology,
and their discs can develop bars. The Large Magellanic Cloud is a notable example
of an irregular galaxy with a disc that hosts a bar. Furthermore, Kartaltepe et al.
[2015] showed that the Sérsic index and colour distributions of their irregularly
classified galaxies match those of galaxies classified as discs. And, indeed, some of
the barred galaxies I find were classified as irregulars in [Kartaltepe et al.| [2015] see
my Table . The systematic error on fgs,. is the standard error of fys. = £0.026
found by comparing the results from the three classifiers in Kartaltepe et al. [2015].
By extrapolating fgs. to the optimised HST sample, countys. = 81 and 19 for
1 <z < 2and 2 < 2z < 3, respectively. I note that the HST disc fraction may
be a lower limit since |[Nelson et al.| [2023], using JWST, found that massive, dusty
edge-on discs could have been missed as HST-dark galaxies. This would lead to an
overestimation of the bar fraction using HST data.

Additionally, I visually classified the optimised JWST sample to study the stellar
mass distributions of barred and unbarred galaxies in it, as discussed further below.
I classified the galaxy as disc-like or non-disc-like based on the F444W NIRCam
images and a log-intensity radial profile. In principle, artefacts (discussed in §
could mislead visual classifications, but these PSF effects are clearly distinguishable.
The diffraction spikes mostly appeared as a large hexagon over the galaxy image,
indicating that the galaxy is not elongated in any particular direction. Therefore,
we typically class these as non-discs/unidentifiable. To ensure we were not affected
by less prominent artefacts, we checked for effects in the intensity radial profile of
each galaxy. Figure shows three examples of disc and three non-disc galaxies
in rest-frame JWST NIRCam F444W and HST WFC3 F160W filters. Non-disc
galaxies can include strong PSF-affected sources, as shown by the central source in
the figure. In this classification, the average disc fraction of the optimised JWST
sample is fyse = 0.40 & 0.14 for the full redshift range 1 < z < 3 (the quoted
uncertainty is the difference in fgs. found by a collaborator and me). The disc

fraction derived in this study thus agrees with that found by Ferreira et al.| [2023],
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Figure 2.2: Tmages of three disc (upper) and three non-disc (lower) galaxies. The
three exemplars for each classification, with IDs in the lower-right corner of the
NIRCam F444W image, are shown in the JWST NIRCam F444W (left) and HST
WFC3 F160W (right) images.

which is 0.45 4 0.034 when I employ their classifications and consider my optimised

sample at 1.5 < z < 3.

2.3.3 Bar visual classifications

The optimised JWST sample was then visually classified by five collaborators, in-
cluding myself (ZLC, DG, CdSF, TK and JN). Participants were asked to vote
barred, maybe-barred, or unbarred for the F444W NIRCam images. The votes were
tallied, and a galaxy was classified as follows: a galaxy is classified as strongly
barred if it obtained at least three out of five votes for barred; a galaxy is classified
as weakly barred if it obtained two out of five votes for barred or at least three
out of five votes for maybe-barred; a galaxy is classified as unbarred if it did not
obtain the vote thresholds. Figure is a histogram of the number of barred and
maybe-barred votes the participants gave on each galaxy in the optimised JWST
sample. The figure does not show the galaxies on which the participants unani-
mously agreed were unbarred. The figure illustrates the difficulties in identifying
bars: 75% of the galaxies shown here fall below the vote threshold and are therefore
classified as unbarred.

The visual classification method was then repeated for the optimised JWST
sample in the NIRCam F356W filter. The resolution marginally improves at this

shorter wavelength, thereby improving the definition of structural features. However,
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‘Weakly and strongly barred galaxies
51 [ Barred in JWST F444W .
[ Maybe-barred in JWST F444W
I Barred in HST F160W

[0 Maybe-barred in HST F160W

Voter count

Galaxy ID

Figure 2.3: Distribution of the total number of barred in yellow (purple) and maybe-
barred in pink (green) votes cast by the five participating collaborators to candidate
galaxies in the optimised JWST (HST) sample. 171 galaxies received barred or
maybe-barred votes in the NIRCam F444W filter, or WFC3 F160W filter from the
classifiers, and 597 galaxies received zero votes. The number of galaxies in each voter
count category is shown. A grey-shaded area covers galaxies classified as weakly or

strongly barred. I exclude galaxies that received zero barred or maybe barred votes
from this figure.
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F160W HST F356W JWST F444W JWST

EGS 31125
|

Figure 2.4: The image of galaxy EGS 31125 at redshift z ~ 2.06, visually classified
as strongly barred from the JWST NIRCam F444W image, shown in an HST filter
and two JWST filters. From left to right: HST WFC3 F160W and JWST NIRCam
F356W and F444W. This filter comparison demonstrates how PSF, sensitivity, and
wavelength range affect a galaxy image, particularly in the context of bars. The
image shows EGS 31125 in rest frame 0.52, 1.16, and 1.45 um, respectively.

this wavelength is more susceptible to dust extinction and star-formation effects, so
the bar-dominated evolved stellar populations may be only moderately traced. The
overall bar fraction did not change between the two NIRCam filters, but a few weaker
bars became stronger when observed through the F356W filter. Finally, the visual
classification method was reapplied to the optimised HST sample. EGS 31125 is
shown in Figure in the three different filters employed: HST WFC3 F160W,
JWST NIRCam F356W, and F444W. EGS 31125 is classified in the F444W filter
as strongly barred and unbarred in the F160W filter. This figure clearly shows the
impact of improved sensitivity and longer wavelength with JWST on the galaxy at
redshift z ~ 2.06 and how distinctive the disc structures become [see alsoGuo et al.
2023].

On the other hand, 15 galaxies in the HST sample were classified as barred
but received no votes when classified using the JWST data. These images were
re-inspected, and while these galaxies could indeed be barred, I note that in some
cases, JWST PSF effects affect the classification. In other instances, details in
the structure of the galaxy are better discerned in the JWST images, rendering
the impression of a bar somewhat uncertain. I show examples of these galaxies in
Figure 2.5 The figure shows three galaxies in the HST WFC3 F160W filter and two
JWST NIRCam filters, F356W and F444W. These galaxies are interesting because
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HST F160W JWST F356W JWST F444W

EGS 27018

EGS 22339

EGS 25879

Figure 2.5: Images of the galaxies EGS 27018, EGS 22339 and EGS 25879, which
received maybe-barred or barred votes by the classifiers in the HST WFC3 F160W
filter, but unbarred votes in the JWST NIRCam F444W filter. The three galaxies
are shown in the HST WFC3 F160W (left), JWST NIRCam F356W (middle) and
JWST NIRCam F444W (right).
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they received a maybe-barred or barred vote in visual classifications of HST WFC3
F160W, but an unbarred vote from all classifiers in JWST NIRCam F444W. A PSF
artefact (as described in § can be identified in the JWST NIRCam images of
EGS 27018 but becomes inconspicuous in the HST WFC3 image. EGS 22339 is a
disc galaxy with spiral features, which could have misled visual classifications in the
HST WFC3 image, but is clearly unbarred in JWST NIRCam images. The only
galaxy to receive barred votes in the HST WFC3 filter and unbarred votes in JWST
NIRCam filters is EGS 25879, which is due to the blurring of prominent spiral arms
in the F160W filter.

2.4 The bar fraction

[ aim to determine the fraction of disc galaxies at redshifts z = 1 — 3 that host
a bar. We visually classified the optimised JWST sample, which met the criteria
described in § 2.3.1] The process is repeated for the optimised HST sample to
determine whether an increase in the bar fraction is observed with JWST. Galaxies
were classified as described in § 2.3.3] Figure [2.6] shows three examples of strongly
barred, weakly barred and unbarred galaxies in the JWST NIRCam F444W and HST
WFC3 F160W filters. The strongly barred galaxies have distinct stellar structures,
while some weakly barred galaxies have less prominent outer discs.

The bar fraction is found for two redshift bins, 1 < z < 2 and 2 < z < 3, to
observe the evolution of the bar fraction. The redshift was only divided into two
bins, as the number of barred galaxies is relatively small. In the optimised JWST
sample, 29 galaxies were identified as barred in the lower redshift bin, where eight are
strongly barred, and 21 are weakly barred, which decreased to ten barred galaxies in
the higher redshift bin, where five are strongly barred, and five are weakly barred.
All galaxies classified as barred are shown in the figures[2.7]and Figure[2.7/shows
the strongly barred galaxies, and Figure 2.8 shows the weakly barred galaxies. The
39 barred galaxies are listed in Table along with their photometric redshift and
HST visual classifications from |[Kartaltepe et al. [2015], of which only one galaxy

was identified as barred. In the optimised HST sample, nine galaxies were identified
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Figure 2.6: Images of three strongly barred (top row), weakly barred (middle row)
and unbarred (bottom row) galaxies. The three exemplars for each classification,
with IDs in the lower-right corner of the NIRCam F444W image, are shown in the
JWST NIRCam F444W (left) and HST WFC3 F160W (right) images.

as weakly or strongly barred in the lower redshift bin, and only one weakly barred
galaxy was identified in the higher redshift bin.

It is debated how the bar fraction depends on the stellar mass [e.g.,[Barazza et al,
2008, [Erwinl, 2018, [Gavazzi et all, 2015, [Masters et al. 2011, Melvin et al. 2014,
Nair and Abraham)| [2010} [Sheth et al] [2008]. In Figure 2.9] I show the stellar mass

distribution as a function of redshift for all disc galaxies in the optimised sample.
The disc galaxies are taken from the disc classification procedure. Still, I verified that

qualitatively similar results are found regardless of the classifier. The 95% empirical

completeness limit of the sample, as estimated in [Duncan et al|[2019], is shown,

indicating that most of my sample lies above or near this limit. Interestingly, this

figure shows that barred galaxies tend to avoid the least massive galaxies at each

redshift, consistent with the results of |[Sheth et al| [2008]. To calculate the bar

fraction in a sample as complete in mass as possible, I use the 95% completeness
step function as a mass limit, i.e., I select galaxies above the 95% completeness line.
This includes a new computation of the disc fractions as above, but now only for

galaxies above the 95% completeness line, which slightly increases the disc fractions

for both HST and JWST.
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Figure 2.7: Images of strongly barred galaxies using the JWST NIRCam F444W
filter between the redshifts 1 < z < 3. The redshift of the galaxy is noted in the
upper left corner of each image. A 5 kpc scale is shown in the upper-right corner of
each image.
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Figure 2.8: Images of weakly barred galaxies using the JWST NIRCam F444W filter
between the redshifts 1 < z < 3. The redshift of the galaxy is noted in the upper
left corner of each image. A 5 kpc scale is shown in the upper-right corner of each

image .
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Galaxy ID 2z logio(M«/Mge) Bar Class

EGS 13670 1.54 10.63 Weak Face-on barred disc with spiral arms
EGS 13932 2.56 10.61 Weak Disc

EGS 14565 1.60 10.24 Weak Barred disc dominated with spiral arms

EGS 14576 2.06 9.53 Weak Disc

EGS 15371 1.48 10.67 Weak Asymmetric disc

EGS 19427 1.72 9.95 Weak Disc with non-interacting companion
EGS 20175 1.98 9.36 Weak Disc

EGS 21624 1.12 10.65 Weak Disc dominated spheroid

EGS 21891 1.14 9.73 Weak Interacting disc with spiral arms
EGS 22113 1.30 9.75 Weak Disc

EGS 22362 1.10 10.71 Strong Spheroidal disc

EGS 22729 2.82 10.23 Weak Irregular asymmetric disc

EGS 22968 1.06 9.11 Weak Disc with spiral arms

EGS 23205 2.12 11.20 Strong Disc

EGS 23259 1.76 10.47 Strong Interacting asymmetric irregular disc

EGS 23940 1.06 9.70 Strong Disc with spiral arms and non-interacting companion
EGS 24268 2.32 10.20 Strong Asymmetric irregular

EGS 24824 1.06 9.03 Weak Disc

EGS 24929 1.60 9.48 Weak Asymmetric irregular with non-interacting companion
EGS 25146 1.04 9.27 Weak Disc with non-interacting companion

EGS 25281 1.56 9.33 Weak Face-on disc dominated spheroid

EGS 25604 1.60 10.89 Weak Face-on spheroidal disc
EGS 26390 1.72 10.69 Strong Face-on asymmetric disc
EGS 26748 1.04 10.08 Weak Face-on disc

EGS 26770 1.00 9.74 Strong Interacting face-on disc

EGS 27663 1.80 9.88 Weak Face-on disc with non-interacting companion
EGS 28178 2.26 10.03 Weak Face-on asymmetric disc dominated irregular
EGS 28335 1.04 9.33 Weak Disc with spiral arms

EGS 28814 1.48 10.16 Weak Asymmetric irregular disc
EGS 29162 2.22 10.04 Strong Interacting asymmetric irregular

EGS 29899 1.24 8.96 Weak No classification found
EGS 30763 1.46 10.11 Strong Asymmetric irregular
EGS 31043 1.24 9.14 Strong Face-on disc with non-interacting companion

EGS 31125 2.06 11.30 Strong Face-on disc with spiral arms

UDS 14304 2.30 11.43 Strong Interacting spheroidal point source

UDS 14916 1.66 10.59 Weak Face-on disc dominated spheroid

UDS 15548 1.64 11.18 Strong Edge-on disc with non-interacting companion
UDS 18642 1.56 10.40 Weak Asymmetric disc

UDS 20768 2.30 10.07 Weak Disc

Table 2.2: The 39 visually classified strongly and weakly barred galaxies. Col. (1): The
ID number is from the original SExtractor catalogue based on the full EGS and UDS
mosaic. Col. (2): CANDELS-based catalogue photometric redshifts [Duncan et al., 2019].
Col. (3): CANDELS-based catalogue stellar masses [Duncan et al., [2019]. Col. (4): The
classification of bar strength determined from JWST NIRCam images. Col. (5): HST
visual classifications from Kartaltepe et al|[2015].
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Figure 2.9: Distribution of stellar masses for the sample of disc galaxies as classified
by ZLC in JWST CEERS between the redshifts 1 < z < 3. Disc galaxies are shown
in blue, while the weakly and strongly barred galaxies are in pink. A green step-wise
line shows the 95% empirical completeness of the sample [see Figure 8 of

2019]. The parameter space below this line in this plot corresponds to a
completeness fraction of &~ 85 — 90%.

For the redshift ranges 1 < z < 2 and 2 < z < 3 the JWST bar fraction
is &~ 17.87]% per cent and ~ 13.87%3 per cent, and the HST bar fraction is ~
11.273% per cent and =~ 6.0757 per cent, respectively. The uncertainties on these
bar fractions are the sum in quadrature of the systematic and statistical errors,
which are discussed below. For a 95% complete stellar mass sample, the fraction of
bars found in disc galaxies in JWST is approximately twice that in HST. Table [2.3
shows the progression of the JWST and HST galaxy sample sizes after the different

selection and classification criteria are applied.
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Figure shows the visually classified bar fraction versus redshift and lookback
time in the context of other observational work assessing bar fractions using HST.
The figure shows that previous results based on HST data indicate a decline in
the bar fraction from lower to higher redshifts. While the JWST bar fraction also
decreases from the redshift bin 1 < z < 2 to the redshift bin 2 < z < 3, the
JWST bar fraction in the lower redshift bin is greater than the HST bar fraction
in the same redshift bin. A dashed line indicates the redshift range of my visually
identified barred galaxies, and a thick solid line indicates the distribution quartiles,
ie. 25%-75%. I identify the highest redshift strongly barred galaxy as EGS 24268
at z ~ 2.32 [also found in |Guo et al., [2023] and the highest redshift weakly barred
galaxy as EGS 22729 at z ~ 2.82.

The Jeffreys interval [Brown et all 2001, |Gelman et al., |2003] is used to de-
termine the statistical uncertainty in the computed bar fractions. Considering the
fraction of a large population with a given attribute (i.e., bars) and neither close
to 0 nor 1, the Normal approximation can be assumed to derive uncertainties, but
for small sample sizes and extreme population proportion values (e.g., the HST bar
fraction at 2 < z < 3), Cameron| [2011] convincingly argued for a beta distribution
quantile technique over the ‘normal approximation’ and the |Clopper and Pearson
[1934] approach, in which the Jeffreys ‘non-informative’ prior can be used inter-
changeably with the uniform prior. I adopt this method to estimate the full 68 per
cent confidence intervals of the bar fraction in the two redshift bins. The sample
used in this study is mass-complete, meaning that I do not account for incomplete
sampling in the uncertainty estimates. On the other hand, the more important sys-
tematic errors in my analysis arise from the difficulty of defining a galaxy as disc
or barred. The fraction of disc galaxies was taken from Kartaltepe et al. [2015]
HST disc fraction] and Ferreira et al.| [2023, JWST disc fraction]. The standard
error of the mean disc fraction reported by the participants in the two independent
studies is interpreted as the main systematic error in the bar fractions. Hence, I
sum the systematic and statistical uncertainties in quadrature for the bar fractions
to obtain the final uncertainties quoted above. The statistical errors for the lower

and higher redshift bins are, respectively, T0:530 and T5:952 for HST, and *50ss and
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Figure 2.10: Evolution of the fraction of stellar bars in disc galaxies with redshift
in the context of other bar assessment work using HST. The fractions of barred
disc galaxies found in JWST NIRCam images are shown as green squares, and the
fractions of barred disc galaxies found in this study in HST WFC3 images are shown
as purple squares. The bar fraction was found for two redshift bins, 1 < z < 2 and
2 < z < 3, where the marker indicates the median redshift of the barred galaxies.
All of the bar fraction errors in this study indicate the sum in quadrature of the
systematic and statistical errors. A dashed line indicates the redshift range of barred
galaxies. A thick solid line indicates the redshift range of the quartiles 25%-75%
of the barred galaxies distribution. At low redshifts, de Vaucouleurs et al.| [1991)
down-pointing triangle| and [Masters et al. [2011] circle] found strong bars in a third
of disc galaxies, while |Eskridge et al.|[2000, cross| found strong and weak bars in over
two-thirds of disc galaxies. [Simmons et al. [2014, left-pointing triangles], Sheth et al.
[2008, diamonds] and [Melvin et al|[2014] up-pointing triangles] found a decreasing
trend of the bar fraction for higher redshifts. |Jogee et al. [2004, right-pointing
triangles] found a minimal decline in the bar fraction at higher redshifts. Finally,
the bar fractions, as found in the Auriga cosmological simulations in [Fragkoudi et al.|
2020, x| are shown in black.
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oose for JWST. The systematic errors for the lower and higher redshift bins are,

respectively, £0.023 and £0.011 for HST, and £0.039 and +0.046 for JWST.

2.5 Discussion

Using NIRCam F444W images, corresponding to NIR rest-frame wavelengths at
1 < z < 3, the visually identified fraction of disc galaxies hosting a bar at redshifts
z=1—21is ~ 18 per cent, which decreases to ~ 14 per cent at redshifts z = 2 — 3.
I found the bar fraction obtained from the F444W JWST images to be greater than
that obtained using F160W HST images by a factor of about two, as shown in
Figure The value of the bar fraction at z = 1 — 2, derived from HST images,
is consistent with the estimate from [Simmons et al. [2014] see their Fig. 6] who
also use HST data. This raises the question: why do I find more bars in JWST
images than in HST images? Considering that the parent sample was chosen to
contain sources present in both HST CANDELS and JWST CEERS and that the
same bar-detection method was applied to both the JWST F444W and HST F160W
images, the considerable difference between the JWST and HST bar fractions at each
redshift bin implies that the identification of bars in disc galaxies is dependent on
the sensitivity and wavelength range of the instrument; the bar fraction increases
at longer wavelengths and with improved sensitivity. Defining the resolution of an
instrument as the full-width half maximum (FWHM) of the empirical PSF, the
resolution of HST at 1.6 pm is 0.151F] and the resolution of JWST at 4.44 pm is
0.145 ’E], and therefore, both instrumental setups have very similar resolution. Hence,
spatial resolution is not a factor here.

Interestingly, the HST bar fractions at the two redshift bins do not change sig-
nificantly after applying the 95% mass completeness limit, whereas the JWST bar
fraction at 2 < z < 3 increases substantially (although within the error bars). This

may reflect JWST’s ability to detect more low-mass discs at high redshifts than

3PSF FWHM taken from the HST user documentation: https://hst-docs.stsci.edu/wfc3
ihb/chapter-7-ir-imaging-with-wfc3/7-6-ir-optical-performance

“PSF FWHM taken from the JWST user documentation: https://jwst-docs.stsci.edu/jw
st-near-infrared-camera/nircam-performance/nircam-point-spread-functions
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HST, but it still does not enable the detection of the presumably shorter bars in
low-mass discs, since the spatial resolutions of the HST and JWST images used in
this work are comparable.

These results build on previous studies that find that bar-driven internal evolu-
tionary processes in settled disc populations begin at z ~ 1, whereas my new results
suggest this occurs at z ~ 2 or later. This study finds that a sizable population
of barred galaxies exists at z < 3, implying that massive disc galaxies can become
dynamically settled with prominent bars at a lookback time of ~ 11 Gyrs. The
idea that bar-driven galaxy evolution happens in some cases at z > 2 is generally
consistent with the early bar formation epochs estimated for local galaxies in the
Time Inference with MUSE in Extragalactic Rings (TIMER) project |Gadotti et al.,
2019]. For NGC 4371, it has been estimated that the bar formation happened at
z ~ 2 |Gadotti et al., 2015, while for NGC 1433, this happened at z ~ 1 |de Sa-
Freitas et al., 2023]. Nonetheless, it is important to point out that not necessarily
all barred galaxies observed at 2 < z < 3 will remain as a barred disc galaxy down
to z = 0, as the galaxies in the TIMER sample: late violent mergers may destroy
the bar, as well as the disc altogether.

In a recent study conducted by |Guo et al. [2023], six strongly barred galaxies
were identified at z > 1 using rest-frame NIR images from the first four pointings of
CEERS. The six observed galaxies have a range in redshift from z ~ 1.1 to z ~ 2.3
[see |Guo et al, [2023| Stefanon et al., 2017]. In a cross-check, I find that all barred
galaxies identified by Guo et al. were also classified as barred in this study.

Several previous studies have found a decline in the fraction of bars in disc and
spiral galaxies with redshift. However, mass and volume limits vary across studies,
as do the bar classification methods. |Sheth et al. [2008] observe the evolution of the
bar fraction at redshifts 0.2 < z < 0.84 from luminous (brighter than L3,) face-on
spiral galaxies in the COSMOS 2 deg? field. The classification methods used in this
study are ellipse fitting and visual inspection, which were cross-checked, yielding an
agreement of 85%. Masters et al. [2011] found the bar fraction of a volume-limited
visually selected SDSS sample using Galaxy Zoo at redshifts 0.01 < z < 0.06 and
M, < —19.38. |Melvin et al. [2014] uses visually selected galaxies via Galaxy Zoo
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from COSMOS HST images at redshifts 0.4 < z < 1.0 with an applied stellar mass
limit of log(M,/Mg) > 10. The bar fraction was extended to redshifts 0.5 < z < 2.0
in|Simmons et al. [2014] through the visually selected CANDELS galaxies via Galaxy
Zoo with an absolute H—band magnitude limit of H < 25.5. Given that their
work overlaps with the lower-redshift bin of my study and uses visually identified
CANDELS galaxies, I find good agreement with my results. Although many studies
have found a decrease in the bar fraction between z = 0 and z = 1, some have
found little or no evolution in the bar fraction. |Jogee et al.[2004] identified bars
in spiral galaxies using three independent techniques and found the fraction of bars
to be ~ 30 £ 6 per cent in COSMOS-ACS galaxies at redshifts z ~ 0.2 — 0.7 and
z ~ 0.7 — 1.0, with completeness cuts of My, < —19.3 and -20.6, respectively.
Elmegreen et al.| [2004] also found a constant bar fraction of ~ 23 £+ 3 per cent at
redshifts z ~ 0.0 — 1.0 in COSMOS-ACS galaxies.

A direct comparison of the results from these studies is difficult, given the differ-
ent techniques used to identify bars and the different sample selection criteria. In
particular, |[Erwin| [2018] showed that in the local Universe the bar fraction depends
strongly on galaxy mass, with a peak at M, ~ 10%"M,, declining towards both
higher and lower masses. At redshifts 0.2 < z < 0.6 for a mass complete sample
of M > 10'°°M,, galaxies in the COSMOS field, Cameron et al.| [2010] found the
bar fraction of early-type discs with intermediate stellar masses to be twice that
of late-type discs, and is reversed for high stellar masses. In this context, it is im-
portant to note that my sample probes the galaxy population with masses above
~ 10°M,,, which, at redshift zero, may reflect the peak in the bar fraction distribu-
tion. Considering all barred galaxies I find in my study, their mean stellar mass is
M, ~ 1.2 x 101°M, with a standard deviation of ~ 5.8 x 10*°M,.

With the different redshift ranges and stellar masses probed, as well as rest-frame
wavelength ranges, samples and techniques employed to find bars and disc galaxies
in the different studies, it is clear that while Figure presents an interesting
summary of the findings from different studies, a direct comparison between these
studies must account for a number of effects. One could, for example, account for

the various mass ranges by assuming a z = 0 variation in the bar fraction with mass
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and then translate it to samples probed at higher redshifts. However, this exercise
would have to assume that such variation is constant with redshift, an assertion
that, to the best of my knowledge, has not yet been investigated in sufficient depth.
Moreover, the other effects mentioned may be as important, and recipes to account
for those are not straightforward to devise.

Using the magnetic-hydrodynamical cosmological simulation TNG50 [Nelson
et all [2019], [Rosas-Guevara et al|[2022] found that M, > 10'°M spiral galax-
ies with bar formation are present as early as z = 4. When an angular resolution
limit of twice the HST I-band angular PSF FWHM was applied, the fraction of
bars dropped to a tenth of its original value at z = 2, reconciling theoretical predic-
tions and observations. The rapid onset of bar formation in massive galaxies at early
cosmic times has been predicted in numerical simulations for baryon-dominated sys-
tems [see e.g., Algorry et al., 2017, Bland-Hawthorn et al., |2023| [Fragkoudi et al.,
2021]. In fact, recent studies have identified candidate barred galaxies at redshifts
higher than my limit of z = 3. |Costantin et al. [2023] used HST and JWST images
in multiple filters to study a galaxy at z ~ 3 in the mass range of Milky Way progen-
itors and found evidence of a bar. Going further in wavelength than what is possible
with JWST, Tsukui et al.|[2023] and |Smail et al. [2023] explored the sub-millimetre
domain to find dusty, star-forming galaxies at z > 4 with morphology indicative of
a bar. If these galaxies are confirmed as barred, they provide strong constraints to
cosmological simulations.

Some of the previous observational studies discussed above suggest that the
decrease in the bar fraction in massive disc galaxies out to z ~ 1 could be due to
minor merger events that keep the disc dynamically hot. However, depending on
the details of the merger/flyby interaction, this could, in fact, tidally induce bar
formation [e.g., [Berentzen et al., [2003| [Peschken and Lokas, 2019].

The decline in the bar fraction in disc galaxies could be explained by the de-
creasing spatial resolution at higher redshifts. At lower resolution, bar ellipticity
decreases, resulting in a rounder, less elongated, more compact bar and making the
stellar bar less distinguishable. The perceptibility of a bar could be considerably

affected by a clumpy outer disc, a bright central bulge and/or the angular size of
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the bar [e.g., [Lee et al., |2019]. In the context of my results using JWST, the PSF
FWHM for the JWST F444W filter is 0.145”. The median redshift for barred galax-
ies between 1 < z < 2 is z = 1.48, corresponding to a mean linear resolution of
~ 1.26 kpc. As for the redshift bin 2 < z < 3, the median redshift of barred galaxies
is z = 2.28, corresponding to a mean linear resolution of ~ 1.22 kpc. Bars smaller
in angular size could have been preferentially missed at the high redshifts explored
in this study. In a volume-limited SDSS galaxy sample where bars were identified
through ellipse fits and Fourier analysis, |Aguerri et al. [2009] established that only
bars with lengths above 2.5 times the FWHM can be identified. The proposal that
the high-redshift bar fraction is systematically underestimated was thoroughly dis-
cussed in the context of a mass- and volume-limited S*G galaxy sample in [Erwin
[2018], where visual bar length measurements were obtained from Herrera-Endoqui
et al. [2015]. Erwin successfully reproduced SDSS bar fraction trends using SDSS
observational parameters in simulations on the S*G galaxy sample and suggested a
bar length detection limit of ~ 2 times the FWHM. Applying these detection limits
on NIRCam F444W images implies that bars shorter than ~ 2.5 — 3 kpc in radius
(semi-major axis) are missed in my study.

The resolution limit thus indicates that all bars detected in this study are longer
than ~ 3 kpec. In fact, [Erwin| [2005] found that the mean bar semi-major axis is
3.3 kpc for early-type disc galaxies and 1.5 kpc for late-type disc galaxies [see also
Gadotti, 2011]. Therefore, unless the bar size distribution at high redshifts differs
from the local distribution, even with JWST, I am likely missing a sizeable fraction
of barred galaxies [see also the discussion in |Liang et al., 2023]. In a sample of
massive galaxies (M, > 10'®M, 0.02 < z < 0.07) studied in |Gadotti [2011], there
are not many bars that are shorter than 3 kpc (see his Fig. 1) although the author
points out that due to resolution limits, he may also miss bars with semi-major
axis below 2 — 3 kpc. However, in [Erwin [2005], mass is not presented, so a direct
comparison is not straightforward. [Erwin| [2019], on the other hand, shows that bar
length increases with mass for galaxies more massive than log (M,/My) > 10.1 for
local galaxies, and a substantial fraction of the galaxies in his study has bars shorter

than 3 kpc.
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Not only absolute bar length but the ratio of bar length to the galaxy size
(e.g., disk scale length h, or parameters such as Rsy or Rgg) may be more useful
to compare at different redshifts, since it has been shown that the galaxy size also
evolves [Buitrago et al., 2008, 2014}, [Trujillo et all 2007, van der Wel et al., 2014,
Whitney et al.; 2019, mostly for massive early-type galaxies but also in the case of
disk galaxies|. Kim et al.|[2021] measured bar length for galaxies at 0.2 < z < 0.84
and found that the mean length of the bar is ~ 5 kpc for galaxies with log(M, /M)
> 10 (see their Fig. 2). However, the normalised bar length Ry, /h of galaxies at
0.2 < z < 0.84 in the study of Kim et al.| [2021] is similar to that of local bars in
Gadotti [2011]. T postpone a thorough discussion on these aspects to Chapter , in
which I will also present measurements of the bar length and its evolution at higher
redshifts.

It is also interesting to note that the abundance of weakly barred galaxies signif-
icantly declines at the higher redshift bin, more so than the abundance of strongly
barred galaxies. This suggests the presence of another possible observational bias.
While the linear resolution remains similar between 1 < 2 < 2 and 2 < z < 3
(as discussed above), cosmological surface brightness dimming is significantly more
powerful at the higher redshift bin. This could diminish my ability to see weaker
bars, particularly at the higher redshift bin, and this bias could produce a relative
drop in the total bar fraction at the higher redshift bin even if the bar fractions in

the two redshift bins are in reality comparable.

2.6 Summary and conclusions

Deriving the fraction of stellar bars in disc galaxies at high redshifts is an essential
step towards understanding the onset of bar-driven galaxy evolution, which previous
studies using rest-frame optical HST images found to occur at z ~ 1. However,
stellar bars are populated by evolved stars emitting strongly at longer wavelengths,
and thus, bars can be more effectively identified in rest-frame NIR images.

In this chapter, I examine the evolution of the bar fraction at redshifts z =1—3

in a sample of galaxies observed in both HST CANDELS and JWST CEERS and
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PRIMER, and compare the results obtained using rest-frame optical HST images
and rest-frame NIR JWST images for galaxies in the same parent sample. I use
the longest-wavelength JWST NIRCam F444W filter to trace the underlying stellar
mass distribution as best as possible. The initial mass complete parent sample of
1180 galaxies is optimised to produce a sample in which bars can be more robustly
identified, in particular by removing galaxies with peculiar morphology and those in
close-to-edge-on projections, with an inclination limit of 7 < 60°. After optimisation,
the parent sample is reduced to 368 galaxies in the JWST F444W filter and 126
galaxies in the HST F160W filter. Five participants visually classified all galaxies
in the two optimised samples, searching for bars supported by radial profiles of
isophotal ellipticity and position angle.

To observe the evolution of stellar bars in disc galaxies, I used published disc
classifications from Ferreira et al.| [2023, JWST disc classifications| and Kartaltepe
et al. [2015, HST disc classifications]. The fraction of bars in disc galaxies was thus
derived for two redshift bins, 1 < z < 2 and 2 < z < 3, with robust photometric
redshifts and ensuring a mass completeness above 95%. The bar fractions I found
in JWST F444W are, respectively, ~ 17.813% per cent and ~ 13.87%% per cent for
the lower and higher redshift bins. In HST F160W, I found the bar fractions to be
~ 11.273% per cent and ~ 6.0757 per cent for the lower and higher redshift bins,
respectively. Notably, at lower redshifts, I identify 20 additional barred galaxies
in JWST images that were not identified in HST images, and at higher redshifts,
I classify nine additional galaxies as barred. I thus found the bar fraction to be
approximately twice as large in JWST F444W as in HST F160W. The rest-frame
NIR bar fractions are twice those in the optical, indicating that the detectability of
stellar bars depends significantly on the wavelength range and instrument sensitivity.

A decrease in the bar fraction is observed at higher redshifts, but this trend
may be due to shorter bars being preferentially missed in this study. I detect a
substantial number of barred galaxies at redshifts z < 3, implying that bar-driven
galaxy evolution could commence at least in some galaxies at a lookback time ~ 11
Gyrs, given that some bar-driven processes, such as promoting gas inflow along

the bar leading edges, are thought to proceed quickly after bar formation [~ 0.1
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Gyrs; see, e.g., [Athanassoulal 1992, |Baba and Kawatal, [2020, [Seo et al., 2019]. In

fact, |Guo et al| [2023] have recently reported the finding of a barred galaxy at

z = 2.3, and other teams have reported candidate barred galaxies beyond redshift

three [Amvrosiadis, 2023, |Costantin et al., 2023] and even beyond redshift four [Smail

et all 2023 Tsukui et all) [2023]. In this study, the highest-redshift strongly and

weakly barred galaxies are found at z ~ 2.3 and 2z ~ 2.8, respectively.

This study does not extend beyond z = 3 to remain in the rest-frame NIR,
thereby improving the detection of evolved stellar populations within the bar. In-
teresting investigations can be conducted into the bar fraction dependence on stellar
mass and the evolution of bar length, which are beyond the scope of this chapter but
will be explored in Chapter 3| This study used the first four CEERS pointings, and
Chapter [3| will present an expanded census of the bar fraction at redshifts 1 < 2z <4
using the remaining six CEERS pointings.



CHAPTER 3

The evolution of the bar fraction and

bar lengths in the last 12 billion years

In this chapter, I present a paper published in the Monthly Notices of the Royal
Astronomical Society [Le Conte et al., 2026] on the evolution of the bar fraction and

bar length beyond z = 1.

64
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I investigate the evolution of the bar fraction and length using an
extended JWST NIRCam imaging dataset of galaxies at 1 < z < 4. 1
assess the wavelength dependence of the bar fraction and bar length
evolution by selecting a nearly mass-complete CEERS disc sample
and performing visual classifications on the short (F200W) and long
(F356 W+F444W) wavelength channels. A similar bar fraction is ob-
served in both samples, and combining them, I find a decline from

0.167553 to 0.07754 over the redshift range. No evolution in the

F356 W+F444W bar length is measured, with a mean of 3.6kpc. A
slight increase of ~ 1kpc towards z = 1 is measured in the F200W
sample, with a mean of 2.9kpc. I find that the correlation between
bar length and galaxy mass, for massive galaxies at z < 1, is unseen at
z > 1. By incorporating barred galaxies at z < 1, I show that there is
a modest increase in the bar length (=~ 2kpc) towards z = 0, but bars
longer than ~ 8kpc are only found at z < 1. I show that bars and
discs grow in tandem, because the bar length, normalised by disc size,
does not evolve. Not only is a significant population of bars forming
beyond z = 1, but my results also show that some of these bars are as

long and strong as the average bar at z ~ 0.
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3.1 Introduction

The improved sensitivity and broader wavelength coverage of the JWST have en-
abled bar-fraction studies to extend to z &~ 4. In the previous chapter, I used JWST
to explore for the first time the abundance of barred galaxies out to z = 3. Chapter
identified that the bar fraction observed in JWST NIRCam images is twice that
viewed in bluer HST filters of similar resolution, but still, a declining trend was
observed in the bar fraction, from ~ 17.875§ per cent at 1 < z < 2 to &~ 13.875% at
2 < z < 3. I showed that, despite similar spatial resolution, the difference was due
to NIRCam’s higher sensitivity and longer wavelengths, which enabled us to detect
twice as many barred galaxies as HST had previously. The longer wavelengths ob-
served with JWST could facilitate these results, as the NIR is a better tracer of the
underlying stellar mass distribution of barred galaxies, which are mainly composed
of older stellar populations [de Sa-Freitas et al., [2023] Gadotti and de Souzal 2006,
Marinova and Jogee, [2007) [Sanchez-Blazquez et al.| [2011].

This study already indicates that bar-driven internal evolution began ~ 11 Gyrs
ago, based on 30 newly classified barred galaxies in the redshift range 1 < z < 3. The
PSF FWHM limited this study to bars with radii greater than ~ 2.5 kpc, leading
us to conclude that my results could still be a lower limit to the bar fraction.

Since my first study, several JWST bar-fraction investigations have supported
my finding of a bar fraction twice that of HST [Espejo Salcedo et al. 2025, Géron
et al.| 2025]. T repeat the results reported by |Guo et al.| [2025] here, as I frequently
compare this Chapter’s results with theirs. |Guo et al. [2025] hereafter referred to
as |G25] found a decline in the JWST CEERS bar fraction within the agreement of
Chapter [2| across the redshift range 0.5 < z < 4 in a mass-limited, M, > 10°M
sample. Using ellipse fit techniques, the results showed a decrease in the bar fraction
from 28.2 + 3.6 per cent at z ~ 0.5 to 6.4 & 2.4 per cent at z ~ 3.5.

In-depth studies have found bar-driven gas inflow in individual galaxies at high-z
le.g., Huang et al [2023] [2025] [Pastras et al., 2025]. Early-Universe bars are now
recognised as long-lived and robust structures that exhibit the same mechanisms

as in local-Universe barred galaxies, such as bar-driven gas inflows. The statement
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that bar-driven evolution has commenced at z = 3 is supported not only by these
bar fraction studies, but also by in-depth studies of individual barred galaxies at
high-z. Several of these studies were discussed in Chapter [1} but I briefly mention
them here. The prominent stellar bar at z ~ 2.5 found in |Huang et al.| [2023] and
Huang et al|[2025] indicates that bar-driven star formation is present in a gas-rich
massive disc galaxy, for which the funnelling of molecular gas is observed towards
the galactic centre. Early-Universe bars are now seen to be long-lived and robust
structures that exhibit the same mechanisms as in local-Universe barred galaxies,
such as bar-driven gas inflows. Active star formation from bar-driven rapid gas
inflow at Cosmic Noon is found in a massive gas-rich disc galaxy at z ~ 1.5 studied
by [Pastras et al. [2025].

Several barred galaxies at high redshift have been observed recently with ALMA.
A massive barred galaxy was confirmed by |Amvrosiadis et al.| [2025] at z = 3.8, 1.7
Gyr after the Big Bang, in a gas-rich system. Additionally, these young barred
galaxies have long bars. In the case of a barred galaxy at z = 4.4, [T'sukui et al.
[2024] measured the bar to be 3.3 kpc long, which is comparable to the bars ranging
in length from ~ 1 to 10 kpc in the local Universe [e.g., Erwin, 2005, Gadotti, 2011].
These detailed studies push the boundaries of bar identification and show that some
bars form significantly earlier than previously thought.

Theory suggests that over time, a bar will evolve and grow in length, as the
rotational pattern speed of the bar slows, extending resonances to greater radii,
thus allowing the trapping of stars on elongated orbits to reach these new limits
[Athanassoula), [2003]. In this Chapter, I will investigate whether the bar length
grows across cosmic time. Hence, I repeatedly compare the results of this chapter
with those of two studies at lower redshifts, which I will detail here. Observations
at z = 0 have suggested that bars grow with time. In a sample of 300 nearby barred
galaxies, |Gadotti [2011} hereafter referred to as|G11| found longer and stronger bars
in galaxies with a higher bulge-to-total luminosity ratio (indicating more evolved
galaxies), suggesting that the bars grow longer and stronger with time. However, in
direct observations beyond the nearby Universe, Kim et al.| [2021} hereafter referred

to as K21| found no evolution between 0.2 < z < 0.8 and a mean bar length at those
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redshifts similar to the mean bar length from (G11j at z ~ 0. |G25is the only study
to have investigated the properties of a sample of barred galaxies beyond z = 1
thus far. The average projected bar length reported in |G25|increased from ~ 1.7 —
2.5 kpc at z ~ 2.5 to ~ 2.6 — 3.8 kpc at z ~ 0.75, in the F200W sample, but no
evolution was observed in the F444W sample.

In this chapter, I investigate the abundance of barred galaxies and their proper-
ties at z > 1 using JWST NIRCam images (§ selected by redshift and stellar
mass (§ . In contrast to Chapter , my parent sample is significantly larger
(by nearly a factor of three in sky area), and this study extends to z = 4, also
exploring wavelength dependencies. The following methodology is applied indepen-
dently to both short-wavelength (F200W) and long-wavelength (F356W+F444W)
NIRCam images. The ellipse-fitting technique is applied to reduce the sample to
less inclined, more face-on galaxies (§ . The disc sample is selected by remov-
ing point sources through the automated process of fitting the galaxy with a 2D
Sérsic model (8§ . Subsequently, the visual classifications are determined by
five independent participants, of which the final disc and barred galaxy samples are
obtained (§[3.3.3).

These results show strong agreement with the bar fraction from Chapter [2, along
with the finding of three barred galaxies at z > 3 (§ [3.4). I report no strong
correlation between the bar fraction and stellar mass(§ . Using ellipse-fitting
techniques, I measure the evolution of bar length and compare the trends for short
and long wavelengths (§ . Similarly, the strength of the bar differs between
the two filters (§ . I discuss the implications of my findings for when bar-
driven evolution commences and for the impact of observed wavelengths in § [3.6]

and present my conclusions in §

3.2 The sample

To investigate the epoch at which bar-driven secular evolution commences, I use the
ten public NIRCam JWST observations from CEERS, combining June 2022 obser-
vations (CEERS1, CEERS2, CEERS3 and CEERS6) and January 2023 observations
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(CEERS4, CEERS5, CEERS7, CEERS8, CEERS9 and CEERS10), which overlap
with 50 per cent of CANDELS on the EGS field. Together, the data cover ~ 88
arcmin? of an area with CANDELS HST overlap.

3.2.1 Data reduction pipeline

We reprocessed all raw NIRCam exposures retrieved from the Mikulski Archive
for Space Telescopes (MAST) with the official JWST pipeline (v1.8.2, CRDS
v1084), following the procedures of [Ferreira et al. [2023] and |Adams et al.| [2023] but
incorporating several refinements. After Stage 1 calibration and application of the
latest post-flight reference files, we remove large-scale “wisp” artefacts with second-
generation Space Telescope Science Institute (STScl) templates. Stage 2 processing
includes the 1/f-noise correction |[Adams et al., 2025], while Stage 3 is split so that
sky subtraction—flat, then 2-D with photutils—is tuned on a frame-by-frame basis
before the full mosaicking step.

Similarly to what is described in § background-corrected frames are then
combined using the STScl DrizzlePac software, anchoring the astrometry to GAIA
DR3 via tweakreg; each filter is subsequently reprojected onto the F444W grid at
0.03” pixel™! to ensure sub-pixel alignment across the dataset. A comprehensive de-
scription of the workflow and its validation is given in | Adams et al.| [2024], Conselice

et al.| [2024] and [Harvey et al.| [2025].

3.2.2 Sample selection

For this work, I use the robust photometric redshifts and stellar masses originating
from CANDELS-based catalogues [see |[Duncan et al., 2019, for details]. I do not use
JWST-based photometric redshifts, for Conselice et al.| [2024] reported essentially
no difference in results at z < 3.

I select a sample of sources within the CEERS footprint that have photometric
redshifts and stellar masses. I limit my sample selection to the high redshift range
1 <z < 4. No magnitude or signal-to-noise cut is applied, but rather an empirical

95 per cent mass completeness limit dependent on redshift is adopted from |Duncan
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Figure 3.1: Stellar mass-redshift distribution of CEERS galaxies in the redshift
range 1 < z < 4. T adopt the 95% empirical completeness of |Duncan et al. [2019,
black step function], originating from CANDELS data. My sample is selected to
be those with stellar masses greater than the redshift-dependent stellar mass limit

(purple).

et al.| [2019, see their Section 3.4.1 for further details]. For full details on how the
mass-completeness limit is determined by the flux limits of the HST, Spitzer, and
ground-based surveys, I refer the reader to the overall method in [Duncan et al.
[2019]. My redshift and stellar mass cuts result in a sample of 2438 galaxies selected
for this study, for which the stellar mass-redshift distribution is shown in Figure|3.1]
For my sample, we produce 128 x 128-pixel cutouts at 30 mas for the JWST filters
F200W, F356W, and F444W (the NIRCam filter selection is discussed in § .

3.3 Methodology

This study aims to observe the onset of bar-driven secular evolution at high—z by

measuring the bar fraction and bar properties. The bar fraction, fu,,, is defined as
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the fraction of disc galaxies which are hosts to a stellar bar:

Nbar
)
Ndisc

fbar = (31)

where Ny is the observed sample size of disc galaxies and Ny, is the number
of barred galaxies identified in the disc galaxy sample. Hence, in this work, I seek
to identify a sample of disc galaxies and subsequently a sample of barred galaxies.

The parent sample is refined by removing galaxies through a series of procedures.
Given that stellar bars are distinguishable in moderately inclined disc galaxies but
become challenging to define in highly inclined galaxies, the sample must be reduced
to exclude near-edge-on galaxies. For a moderately inclined sample, point sources
can be removed by imposing a constraint on the distribution of Sérsic indices. I
explore the possibility of using the global Sérsic index to define the disc sample, but
find that at high redshifts the Sérsic index is insufficient to distinguish disc from
spheroid morphological types. Hence, I perform visual classifications to identify
morphological type and bars. I discuss the NIRCam imaging selected for my sample
in § [3.3.1] the removal of highly inclined objects through an optimisation routine in
§ 3-3.2, using the global Sérsic index to remove point sources in § [3.3.3] followed by
disc and bar visual classifications in § [3.3.3]

3.3.1 NIRCam imaging

To observe prominent bars in the early Universe, I use the wide, long-wavelength
JWST NIRCam filters F356W and F444W to capture the underlying stellar mass
distribution of the disc while reducing the effects of dust obscuration and clumpy star
formation, which can hamper bar identification. To observe NIRCam images with
comparable rest frame wavelengths, the filter F356W is used for galaxies between
1 < 2z < 2, obtaining a rest-frame wavelength of 1.4um for the median redshift of the
bin z = 1.5. Furthermore, F444W is used for galaxies between 2 < z < 4; with a rest-

frame wavelength of 1.1um for the median redshift 2 = 3. The NIRCam empirical
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PSF FWHM[ is amplified at longer wavelengths and is 0.116” and 0.145” for the
filters F356W and F444W, respectively. At the median of the two redshift bins, the
corresponding linear resolutions are 1.01 kpc and 1.14 kpc. Regarding bar detection,
the minimum identifiable bar length is 2x FWHM [e.g., Erwin, 2005], which for the
NIRCam long-wavelength channels is 2.02 kpc and 2.28 kpc, respectively. Hence,
[ am likely missing bars shorter than ~ 2 kpc in this study when using the long-
wavelength filters.

To evaluate the effects of rest-frame wavelength, I also use images of all galaxies
across 1 < z < 4 in the NIRCam short-wavelength filter F200W. This filter corre-
sponds to a rest-frame wavelength of 0.67um at z = 2 and has a PSF FWHM of
0.066", resulting in a linear resolution of 0.6 kpc. Hence, the shortest bars identi-
fied with these NIRCam images are 1.2 kpc in length. However, at this rest-frame
wavelength, dust and star formation effects may hamper the identification of bars.
Hence, my methodology is applied independently to NIRCam imaging using the
short-wavelength filter F200W and the long-wavelength filters F356W and F444W.
Note that in a few cases, galaxies fall between the gaps of the NIRCam detectors;
therefore, I could not retrieve images in the F200W and F356W/F444W bands.
However, I still include these sources in my sample when available, since the sam-
ples are independent from this point onward.

Before proceeding with my sample optimisation, SEXTRACTOR is used to mask
neighbouring objects [Bertin and Arnouts, |1996]. Figure[3.2|demonstrates the mask-
ing process on the example galaxy EGS 1246 in the F444W NIRCam image. This
process is particularly important because the sample optimisation procedure de-
pends on the ellipticity of the isophotes tracing the outer disc, which, in this case,

has changed significantly due to source masking.

3.3.2 Sample optimisation

Barred galaxies are clearly identifiable in face-on galaxies; however, at higher incli-

nations, they become increasingly challenging to identify. Thus, to avoid this bias, I

!'PSF FWHM taken from the JWST user documentation: https://jwst-docs.stsci.edu/jwst-
near-infrared-camera/nircam-performance /nircam-point-spread-functions
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N\~

Figure 3.2: Masking of neighbouring sources with SExtractor performed on the
example galaxy EGS 1246. Top left - JWST NIRCam F444W image with fitted el-
liptical isophotes. Top right - SExtractor segmentation map. Bottom left - Resulting
image with identified neighbouring sources masked out. Bottom right - Masked im-
age with newly fitted elliptical isophotes. This figure shows the influence of nearby
sources on the orientation and elongation of isophotal ellipse fits.



3.3. Methodology 74

remove highly inclined galaxies with ¢ > 65° from the sample using an optimisation
process. A detailed description can be found in §[2.3.1] but the three stages are sum-
marised below. The inclination of a galaxy is measured by fitting elliptical isophotes
to the image using photutils.isophote from the Python astropy package |Bradley
et al., 2022]. An ellipticity limit, corresponding to ¢ > 65°, is then applied to the

outer isophotes.

Phase 1 The first run of elliptical isophotes fits is performed, with the pixel coordi-
nates of the centre of the galaxy as free parameters. For a given galaxy, fits are
performed using a set of initial parameters until the galaxy is successfully fit-
ted, even if the fits do not align perfectly with the galaxy. Approximately 90%
and 75% of the parent sample had successful ellipse fits in the F356 W-+F444W
and F200W filters, respectively. The remaining ~ 10 — 25% of galaxies that
failed ellipse fittings are overly disturbed, poorly resolved, and/or low surface

brightness systems and are removed from the sample.

Phase 2 photutils.isophote selects the central position of a galaxy by assessing
a 10 x 10 window about a specified centre. I specify the centre of each galaxy
as the average of the central pixels within the inner 10-40% of the isophotes
fitted in phase 1. The lower isophote limit is set to exceed 2x FWHM to avoid
bright star-forming regions near the galactic centre, and the upper isophote
limit is set to avoid tracing structures toward the outer regions of the galaxy,
such as spiral arms, which could lead to a mistaken identification of the galaxy

centre.

Isophote fitting is repeated on the sample of galaxies that pass phase 1, with
a fixed centre. Phase 2 achieved success rates of 75% and 57% with the
F356 W+F444W and F200W filters, respectively. Those galaxies that failed,
typically those that were overly irregular or ambiguous in morphology, were

removed.

Phase 3 I define the inclination of a galaxy in equations 2.1 and 2.2l The success
rates for phase 3 were 64% for the F356W-+F444W filter and 63% for the
F200W filter. Galaxies deemed too highly inclined were removed from the
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sample, resulting in overlapping optimised samples of 1073 and 649 galaxies,

all of which had successful ellipse fits.

In summary, the optimisation phase aimed to fit elliptical isophotes to the NIR-
Cam images and to measure eccentric outer isophotes with an approximate ellipticity
€ > 0.5, implying that the galaxy is highly inclined and therefore removed from my
sample. Overall, of the 2438 galaxies in my mass-complete sample, the following
were removed at each phase for F356W-+F444W: 223 at phase 1, 540 at phase 2, and
597 at phase 3, resulting in an optimised sample of 1073 galaxies. As for F200W: 616
at phase 1, 782 at phase 2 and 386 at phase 3; resulting in an optimised sample of 649
galaxies. The optimisation routine reduced the F200W sample significantly more
than the F356 W+F444W sample, which I attribute to the short-wavelength filter

tracing star formation, which appears clumpy and makes ellipse fitting challenging.

3.3.3 Morphological classification

Classification studies at high redshifts have identified three distinct galaxy types:
discs, spheroids, and irregulars. Ormerod et al.| [2024] studied the evolution of struc-
tural parameters with CEERS galaxies at 0.5 < z < 8, to which they found shal-
lower light profiles and diffuse brightness distributions for all morphological types at
high-z, when compared to their low-z counterparts. Therefore, uncertainties arise
when distinguishing among galaxy types using surface-brightness profiles. Hence, I
followed a two-step method to select the disc sample of this study. Firstly, I fit sin-
gle Sérsic functions to the NIRCam images to obtain structural information, which
I then use to select and remove point sources from my sample. I then had five

classifiers visually classify and identify the disc and barred galaxies.

Sérsic fits

A 2D elliptical Sérsic profile can model the light distribution in disc galaxies, and the
program IMFIT [Erwin) 2015] is designed to fit such functions to astronomical images.
The program produces a best-fitting model by minimising the Cash statistic using

a differential evolution (DE) algorithm [Storn and Price, [1997], after convolving the
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model image with oversampled PSF images created by the Space Telescope PSF
(STPSF) package?} The stochastic nature of the DE approach is beneficial because
it can search large areas of the parameter space whilst being less likely to be trapped
in local minima. In addition, this approach does not require initial parameter values,
only lower and upper limits, and has been shown to yield the best results compared
to iterative, human-supervised fits |Gadotti, 2026].

I fitted a single Sérsic component to all galaxy images, and the best-fitting model
parameters that I focus on are ellipticity (¢), Sérsic index (n), and effective radius
(re). The distributions of these parameters for all galaxies in the optimised samples
of F356W+F444W and F200W are shown in Figure [3.3] Across all parameters, the
distributions show similar trends between the shorter- and longer-wavelength NIR-
Cam filters. This is to be expected, as for each parameter, the model is convolved
with the corresponding PSF, so the single-component model is, to some extent, in-
dependent of the observed wavelength. The slight difference in r. between the two
samples is less than 1o. Hence, the result is statistically insignificant and not ex-
plored further. The occurrence of only a few galaxies with € > 0.6 demonstrates the
efficiency of the optimisation process described in § to remove highly inclined
galaxies.

There is a noticeable peak in sources with € ~ 0, which I attribute mostly to
point sources and unresolved sources. To reduce my sample for visual classification,
I use the best-fit parameters n and r. to define a sample of point sources. Point
sources have discrete near-circular brightness distributions and are selected by the
limits ¢ < 0.2 and n < 1, selecting 152 and 37 galaxies in F356W+F444W and
F200W, respectively. From this selected sample of point sources, my collaborator
(DG) and I visually inspected the NIRCam images and light profiles to assess the
accuracy of this process and reintroduced galaxies that we had classified as point
sources. After this step, the optimised samples comprise 927 and 628 galaxies in
F356 W+F444W and F200W, respectively, from which the disc sample is selected.

In the local Universe, galaxy morphological types can be separated by their global

Zhttps://www.stsci.edu/jwst /science-planning/proposal-planning-toolbox /psf-simulation-tool
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Figure 3.3: Distribution of the best-fit structural parameters from a single 2D Sérsic
function fitting using IMFIT, performed on the optimised samples for galaxies be-
tween 1 < z < 4. Models fit to F356W and F444W NIRCam images are filled
distributions, and those as a result of fits to F200W NIRCam images are unfilled
distributions with black edges. Left: single Sérsic best-fit ellipticity, €. Middle:
single Sérsic best-fit Sérsic index, n. Right: single Sérsic best-fit effective radius, ..



3.3. Methodology 78

n, with massive ellipticals having high n and a high degree of central concentration,
whilst massive discs have a more diffuse central concentration and lower n. Figure
[3.3]shows that over 90 per cent of the sample has values of n between 0 and 2. Hence,
I decided not to use the Sérsic index as a selection criterion for the disc sample, as
the Sérsic index distribution of these high-redshift galaxies is significantly lower than
that of ellipticals in the local Universe [see also Ormerod et al. [2024]. Instead, I

incorporated disc selection into the visual classification process.

Visual classifications

This study incorporates disc identification into my visual classification method to
find barred and unbarred disc galaxies. Five participants (ZLC, DG, CdSF, JN and
TK) inspected the NIRCam F356W+F444W and F200W images and intensity ra-
dial profiles of each galaxy in the sample of 927 and 628 galaxies, respectively. The
visual classification categories were Barred, Maybe Barred, Unbarred Disc, Spheroid,
Other and Unresolved. Each classifier assigned each galaxy to one of these six cate-
gories and independently repeated the process for both short- and long-wavelength

NIRCam filters. An outline of the categories is as follows:

Barred These galaxies present an ordered outer disc with a prominent elongated

central stellar bar. The outer disc may exhibit spiral-arm features or rings.

Maybe Barred Similar in structure to the barred galaxy category, but for devia-
tions from a prominent barred structure. These include rounder, thicker bars

and systems with dominant spiral arms that obscure a barred structure.

Unbarred Disc These galaxies show a well-ordered disc, ranging from near circular
to somewhat flattened. They have exponential surface-brightness profiles and
may contain features such as spiral arms, rings, and centrally concentrated
structures, but will be classified into one of the preceding categories if a bar is

present.

Spheroid Appearing smooth, round-like and featureless, these systems share the
likeness of elliptical galaxies in the local Universe, sometimes with high degrees

of central concentration.
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Other Some galaxies at high-z appear peculiar and clumpy in nature, and these
can often be disguised as interaction or merger systems. If disciness cannot be

observed, then the galaxy is assigned to this category.

Unresolved Despite my efforts to remove point sources, a few can be found in
my samples and would fall into this category at this stage. Occasionally, a
bright central feature in a galaxy caused PSF diffraction spikes to dominate

the image, hampering a proper morphological classification.

The ultimate classification of a galaxy is attributed to a consensus vote, in which
3 out of 5 classifiers agree on a category. When a consensus cannot be reached,
the source is allocated to the Unclassified category. The disc sample is compiled
of galaxies attributed to the categories Unbarred Disc, Barred and Maybe Barred,
meaning 3 out of 5 votes from one to any combination of all three of these categories
would proceed to a disc classification. Examples of unbarred disc classifications
include, but are not limited to, galaxies which obtained 3 unbarred disc votes; 2
maybe-barred and 1 unbarred disc vote; 1 barred, 1 maybe-barred and 1 unbarred

disc vote. I establish two barred galaxy classifications:

Strongly Barred These are disc galaxies that have prominent elongated stellar
bars, and accordingly have achieved above the consensus threshold of 3 out of

5 votes for Barred.

Weakly Barred These disc galaxies have rounder and less apparent bars, subse-
quently achieve the threshold of 3 out of 5 for Maybe Barred or by combining
Barred and Maybe Barred votes.

This classification scheme is similar to that in § for which the process
worked well, and my results from Chapter [2] were consistent with subsequent bar-
fraction studies. I deemed that the bar fraction should be determined using a similar
methodology to identify the disc sample as well as the barred sample. Hence, since
the disc sample cannot be established by limits on structural parameters, I have
decided to reapply visual classifications to identify barred galaxies at high-z. Mor-

phological analysis of sources at high-z is challenged by the faintness of the targets
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Redshift Sample Size
F200W F356W+F444W | F200W+F356 W+F444W
SB WB UD|SB WB UD |SB WB UD
1<z<2 |15 17 196 | 11 32 274 | 23 43 358
2<z<3| 2 2 61 | 5 5 103 | 5 7 137
3<z2<4] 0 1 14 | 0 1 14 0 2 25

Table 3.1: The sample sizes for the visually classified samples in F200W,
F356W+F444W and F200W+F356W+F444W in three redshift bins. The sam-
ple size is presented for strongly barred galaxies (SB), weakly barred (WB) and
unbarred disc galaxies (UD).

and their very small angular size. Thus, I include two barred galaxy classifications
to provide upper and lower limits to the bar fraction.

The bar fraction is determined as:

Near Nsp + Nwp

fbar - -
Niise  Nup + Nsp + Nwp

(3.2)

where Ngp is the observed sample size of strongly barred galaxies, Ny 5 is the
observed sample size of weakly barred galaxies, and Ny p is the observed sample size
of unbarred discs. The sample sizes for each redshift are presented in Table 3.1}

Strong agreement between classifiers is considered achieved when the vote thresh-
old is met. Visual classifications from the NIRCam filters F356W-+F444W showed
high agreement between classifiers in 74 per cent of cases, and were similar for
F200W, with 70 per cent of cases in high agreement.

I evaluated the reliability of agreement between the classifiers of this study in cat-
egorical assignment using the descriptive statistic Randolph’s kappa, x |[Randolph)
2010]. The free-marginal multirater x measures the nominal agreement between
multiple classifiers, employing 1 / number of categories as the proportion of agree-
ment expected by chance. The statistic x takes values from 1 to -1; values between
1 and 0 indicate agreement better than chance, 0 indicates a level of agreement
expected by chance, and values between 0 and -1 indicate agreement worse than

chance. Considering all categories in my visual classifications, I obtain a Randolph
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k of 0.30 for F356 W+F444W and 0.28 for F200W, indicating agreement beyond

chance.

3.4 The bar fraction

This study uses the improved sensitivity and longer wavelengths of JWST to observe
the evolution of the bar fraction - the number of barred galaxies in the number of
disc galaxies across the redshift range 1 < z < 4. I split the redshift range into
three bins, and those redshift bins are specified as follows: 1 < 2z <2, 2 < 2z < 3
and 3 < z < 4. The disc and barred galaxy samples have been visually classified in
the NIRCam filters F356 W+F444W and F200W (two independent samples), across
the redshift range (F356W for 1 < z < 2, F444W for 2 < z < 4 and F200W
for 1 < z < 4; for further details see § , to assess the impact of rest-frame
wavelength and resolution on the bar fraction.

Firstly, a brief comment on the general outcome of the classification scheme.
The faise, based on a 3/5 vote threshold, is found to be 0.48 and 0.43, considering
the whole sample in F356W+F444W and F200W, respectively. my results of fg;s.
agree with the visual classifications of [Ferreira et al.|[2023], with which my parent
sample overlapped, which obtained fys. /=~ 0.48 for the same redshift range. I found
a significantly smaller spheroidal population, fepneroia = 0.07 and fspheroia = 0.06
for the samples in F356W+F444W and F200W, respectively. This is less than the
fraction classified by Ferreira et al| [2023], who found fspheroia = 0.15. The lower
spheroidal fraction found in this study could be due to the additional categories
included in my visual classifications, such as Other and Unresolved.

I consider a combined sample, where I combine the F356W-+F444W and F200W
disc sample, such that if a disc were to be identified in the short-wavelength filter but
not in the long-wavelength filters, it was added to the sample, creating a sample of
disc galaxies classified in either short or long wavelength NIRCam filters (hereafter
referred to as the combined sample). I consider this combined sample to capture
shorter bars missed by the lower resolution of the longer-wavelength filters, whilst

observing barred galaxies that might exhibit highly significant star formation and
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dust obscuring the bar. The combined sample comprises 520 disc galaxies.

The bar fraction, fy,., is measured in each of the three redshift bins, for the
short-, long-wavelength and combined samples. Figure shows the evolution of
the bar fraction across the 12 Gyr range, comparing the bar fractions observed with
JWST in this study to those found in other theoretical and observational work
Vaucouleurs et al., [1991], [Eskridge et all, 2000, [Espejo Salcedo et al., 2025] [Euclid|
\Collaboration et al., 2025, [Fragkoudi et al.l 2025, |Guo et al.| 2025| |Géron et al.,
2025, [Jogee et al, 2004, Masters et all 2011, Melvin et all 2014, [Sheth et all 2008,
Simmons et al., [2014].

The bar fraction decreases at higher redshifts in both short- and long-wavelength
filters. The F356W+F444W sample has bar fractions fiariong =~ 0.14,0.09 and 0.07
for redshift bins 1 < 2 < 2,2 <z < 3 and 3 < z < 4. Similarly, the F200W sample
has bar fractions fiarshort ~ 0.14,0.06 and 0.07 for the redshift bins 1 < z < 2,
2 <z < 3and 3 < z < 4. The combined sample has a slightly higher bar fraction
foarcomp = 0.16,0.08 and 0.07 for the redshift bins 1 < z < 2,2 < z < 3 and
3 < z<4.

The bar fraction has been investigated at z < 1 in Euclid Q1 [Euclid Collabora-

tion et al., 2025, finding the largest barred galaxy sample beyond the local Universe.

Over 7,700 barred galaxies were identified using Zoobot classifications [Walmsley
et all 2025, obtaining a mean bar fraction of 0.2 to 0.4, for logio(M,/Mg) > 10
galaxies, at z = 1 to z = 0, respectively. The decreasing trend found in Euclid,
shown in Figure [3.4] agrees with HST observations and simulations; however, by
z = 1, the bar fraction is twice that previously measured in HST, and corrobo-
rates the conclusions of Chapter 2l The Fuclid mission has achieved unprecedented

spatial resolution for very large surveys, which will be vital for population statistics.

At the two Cosmic Noon bins, 0.8 < z < 1.3 and 2.0 < z < 2.5, [Espejo Salcedo|

12025| hereafter referred to as ES25| obtained the visually classified bar frac-

tions of & 16 per cent and 3 per cent with JWST NIRCam imaging. The Galaxy Zoo
CEERS project [Géron et al., 2025, hereafter referred to as GZ CEERS| observed

a decreasing bar fraction in a volume-limited sample that ranged from 25 per cent

at 0.5 < z < 1.0 to 3 per cent at 3.0 < z < 4.0. The decreasing trends reported by
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Figure 3.4: Evolution of the bar fraction in disc galaxies. At high-z the bar fraction
is found in three redshift bins, 1 < z < 2, 2 < z < 3 and 3 < z < 4, using the
visual classification of the images from the JWST NIRCam filters F356 W+F444W
(red stars) and F200W (blue stars) and combining these results to find a total bar
fraction (yellow stars). Error bars in fj,, are the 1o bimodal interval, and the shaded
area is the upper and lower bounds of the bar fraction (see text for details). Dashed
horizontal error bars show the full range in z of the identified bars, while thick
horizontal solid lines show the corresponding 25%-75% inter-quartile range. The
insert shows the bar fraction for the breakdown of strongly (right-pointing triangle)
and weakly (left-pointing triangle) barred galaxies. The results of Chapter I are
black unfilled squares (HST) and stars (JWST), and in grey are the JWST bar

fraction of |(G25 @ dlamond), (circle) and |GZ CEERS| (square).
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Redshift Bar Fraction
F200W F356W+F444W F200W+F356W+F444W
SB WB B SB WB B SB WB B

1<2<2/0.077007 0.071053 0.1475:0310.0370-07 0.1070 55 0.1415:0310.0515-071 0.107005 0.161503
2 < 2 < 3[0.0375:01 0.0375:01 0.0679:520.0415-91 0.0415-9% 0.0915-0210.0375-91 0.0570-91 0.0875-92

0.04 0.04 0.04 0.04 0.03 0.03
3<z<4| - 007801 0.07T001 - 0.07T001 0.07T0011 - 0.07T907 0.077003

Table 3.2: The bar fraction for the visually classified samples in F200W,
F356W+F444W and F200W+F356W-+F444W in three redshift bins. The fy,, is
presented for strongly barred galaxies (SB), weakly barred (WB) and all barred
galaxies (B). No strongly barred galaxies were found beyond z = 3. The errors
shown are the statistical 1o bimodal intervals (see the text for details).

ES25, |G25, and |GZ CEERS|are consistent with my results within the uncertainties.
These JWST studies support the conclusion that the bar fraction is twice that found
in HST and that the onset of bar formation occurs earlier than previously thought.

The bar fraction is broken down into its weakly and strongly barred counterparts
across the redshift range in the insert of Figure [3.4] compared to the strong and
weak bar fractions of |GZ CEERS. A lower bar fraction is seen for my strongly
barred galaxies, which remains ~ 0.05 across the redshift range 1 < z < 3. At the
lowest redshift bin, a higher bar fraction for weakly barred galaxies is found, which
decreases towards higher redshifts. This difference between strongly and weakly
barred galaxies is also found in \GZ CEERS.

As detailed in § 2.4 I use the Jeffreys interval [Brown et all [2001] |Gelman
et al} 2003, as argued in |Cameron| [2011]] to determine the statistical uncertainty
on the bar fraction. The sample used in this study is approximately mass-complete,
meaning [ do not account for incomplete sampling in the uncertainty estimates. The
visually classified derived bar fractions, with statistical uncertainties, for the single-
band NIRCam images in either F200W, F356 W+F444W, or combined can be found
in Table [3.2]

Systematic uncertainties arise from difficulties in morphological classification and
can be described by the agreement between classifiers. I introduced Randolph & in

§ and state the strong agreement between classifiers in over 70 per cent of cases.
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However, since the x thresholds for agreement better than chance are not universally
agreed upon, I present a different method for the upper and lower bounds of the
bar fraction. The shaded regions in Figure [3.4] represent the upper and lower bar
fractions, obtained from a more lenient and a more restrictive threshold, respectively.
The upper fpq is determined by a barred and disc sample with a 2 out of 5 voter
threshold, whereas the lower f;,, requires a 4 out of 5 consensus threshold. I include
these variations on the voting threshold to emphasise the impact of classification
definitions and consensus on the results. These upper and lower f,,. uncertainties
encompass my results in this work and Chapter [2| and also the work of [G25| and
ES25.

3.5 Bar properties

Thus far, I have responded to the question of when the onset of bar formation occurs
by exploring the bar fraction at 1 < z < 4. I now wish to analyse these high-z barred
galaxies in more detail and to understand how they differ from barred galaxies at
z < 1and z =~ 0. I explore the mass dependence of the bar fraction in § and
measure the evolution of the bar length in § and strength in § [3.5.3

3.5.1 Mass dependence

Observational studies have reported a dependence of the bar fraction on stellar
mass from the local to high-redshift Universe [e.g., [Erwin, 2018, Sheth et al., 2008].
I extend these investigations to z > 1 for my 95% empirically complete sample
(discussed in § between the redshift range 1 < z < 4. In Figure , I show
the mean stellar mass across the redshift range for my bars identified in F200W
(blue) and F356W+F444W (red), separated into the weakly and strongly barred
samples. The adopted completeness limit yields fewer massive galaxies at lower
redshifts that host bars, whereas at higher redshifts bars are present in the most
massive galaxies. This is, of course, driven by the redshift-dependent completeness
limits, as the plot shows that all masses probed within these limits (from 10° to

10'M,) include barred galaxies. Nevertheless, I find that strongly barred galaxies
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Figure 3.5: Stellar mass - redshift distribution of barred galaxies found by visual
classification. For the independent studies using NIRCam filters F200W (blue)
and F356W+F444W (red), galaxies are defined as strongly barred (right-pointing
triangle, dotted) and weakly barred (left-pointing triangle, dashed). For the strongly
and weakly barred galaxies, I show the mean stellar mass across the redshift range
as dotted and dashed lines, respectively. The 95% empirical completeness adopted
from Duncan et al|[2019] (black step function) sets the lower limit to the stellar
mass distribution.
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tend to have higher stellar masses across all redshifts. The mean is similar for both
wavelength samples, with the spread in stellar masses being slightly greater in the
longer wavelength sample.

I show the bar fraction dependence on stellar mass in Figure for the two
JWST samples. A low fiq — about 0.1 or less — is seen in log(M,/Mg) < 10. In
F200W, a steady increase in the bar fraction with mass is observed for both weak
and strong bars, rising to fp,, &~ 0.2 at log(M,/Mg) ~ 10.75. At the highest stellar
masses, log(M, /Mg) ~ 11.25, fpq peaks, with fq,. > 0.2 for the short wavelength,
and with f;,. > 0.5 for the long wavelengths, but it is worth noting that this stellar
mass bin is less statistically significant compared to the others, as it contains a small
sample of only eight disc galaxies. Nevertheless, this trend of increasing bar fraction
for higher galaxy masses agrees with the results using HST from Sheth et al. [2008],
for galaxies at 0.37 < z < 0.84 (see their Figure 3) and Melvin et al| [2014], for
galaxies at 0.4 < z < 1.0 (their Figure 5).

3.5.2 The bar length

Another open question I aim to address is at what length bars form and whether the
bar length evolves over cosmic time. For the remainder of this study, I measure and
analyse the lengths of my high-z barred galaxy sample at short and long NIRCam
wavelengths to address these questions and test the impact of rest-frame wavelength
on the observed evolution of bar length.

Visual and automated bar-fitting techniques are used to measure bar lengths, but
in the local Universe, barred-galaxy studies have found that automated bar identi-
fication techniques, such as isophotal and Fourier analysis, are favourable for large
samples. At higher redshifts, I find that automated processes remain challenging
despite JWST’s improved sensitivity. Ellipse fitting to star-forming massive galax-
ies at cosmic noon, and thus to clumpy and irregular systems, is used in this study,
but it is challenging given the number of initial free parameters and requires tai-
loring for each galaxy to avoid spurious bar-length measurements. Consequently, I
identify the barred galaxy sample through visual classification but use ellipse-fitting

techniques to quantify bar properties. I emphasise that adjustments to the initial
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Figure 3.6: The fraction of bars in disc galaxies for a given stellar mass in the range
8.5 < log(M,/Mg) < 11.5. I show results for the NIRCam filters F200W (blue)
and F356W+F444W (red). Three different samples are shown: weakly barred (top
panel), strongly barred (middle panel), and the sum of both weakly and strongly
barred galaxies (bottom panel). Error bars in f,. show the 1o bimodal interval.
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parameters are made on a case-by-case basis and involve visual inspection of each
galaxy’s fitting. In some cases, this also involved adjusting the fitting parameters
until a satisfactory fit was obtained, namely, one in which the fitted ellipses outlining
the bar agree with my visual assessment.

To perform this structural analysis, the strongly and weakly barred galaxies from
the visual classification are fitted by elliptical isophotes using photutils.isophote
(for further details, see § with fixed central coordinates obtained from the
initial ellipse fits. The stellar bar can be traced by ellipse fits, which remain at
a constant position angle, PA (with a change in PA, APA < 10°) and a gradual
increase in ellipticity, €, towards the end of the bar. The end of the bar is the point
at which the position angle changes by more than 10 degrees (APA > 10°) and the
ellipticity peaks (with epeqr, > 0.2). See Figure for an example of the ellipse fit
radial profiles discussed here. Some studies have found that the end of the bar can
also be parameterised as a minimum in ellipticity, following the peak. Still, I found
that this feature was not observed across all barred-galaxy ellipticity radial profiles.
Hence, in this study, the bar length, Ly, is defined as the average of the bar lengths
at APA and epeqr, 1.€., Lpg, is effectively the semi-major axis of the bar.

The measured projected Ly, from ellipse fits is checked and adjusted through
visual inspection of the radial profiles, and, when necessary, parameter thresholds
are applied. Theoretical work shows that bars form in rotationally supported, cold
stellar discs; hence, I assume that these high-z disc galaxies are dynamically set-
tled and vertically thin. This assumption is vital as it enables us to deproject the
measured L., and is a reasonable assumption at least towards the ends of the bar,
where it matters most. I thus derive the deprojected semi-major axis, semi-minor
axis, €, and PA of the observed projected ellipse at the end of the bar [for full deriva-
tion details, see Appendix A of (Gadotti et al., [2007]. To carry out this deprojection
procedure, I require the inclination of the galaxy, the position angle of the line of
nodes and the position angle of the bar, all of which are derived through the ellipse
fits.

I emphasise that this study of high-z barred galaxies has focused on the derived
deprojected bar lengths. The deprojection technique, described in §[3.5.2] is depen-
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Figure 3.7: The evolution of the bar length over 0 < z < 4. The left panels show
lengths measured in this work from JWST NIRCam filters F200W (blue crosses)
and F356 W+F444W (red diamonds) for bars found in galaxies between the redshift
range 1 < z < 4, with their normalised distribution (see text for details) shown on
the right panels. Weakly barred galaxies are shown as fainter markers, and strongly
barred galaxies are brighter. The first row shows the distribution of Rgg, whilst
the second row is the deprojected L, and the third row is the normalised Lyg,.,
Lpar/Roo. The high redshift sample is compared against a sample of SDSS i—band
barred galaxies at z ~ 0 [G11} black circles], the Milky Way [with measurements
from Bland-Hawthorn and Gerhard| 2016 yellow star], and a sample of barred
galaxies at 0.2 < z < 0.835 using F814W images from the COSMOS survey [K21
grey squares]. The mean, p, and standard deviation, o, for each parameter in each
sample are shown in the right panel.
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dent on the inclination of the galaxy, which is derived from the isophotal contours
of the disc. This measurement of bar length is critical for making comparisons with
lower-redshift studies that have near-face-on galaxy samples. The deprojected Ly,
distribution for barred galaxies identified in short and long NIRCam wavelength
filters is shown in the second row of Figure

On average, shorter bars are measured in F200W, with a mean L, ~ 2.9 kpc,
than in F356 W+F444W | with mean Ly, &~ 3.6 kpc, but in both samples, the average
Lyqr has minimal variation across the redshift range, with the F200W values of Ly,
increasing slightly towards lower redshifts. Additionally, the distributions of the
two JWST samples overlap greatly, as can be seen in the right panel of Figure [3.7]
In Figure [3.7, the bar count is normalised by dividing the count by the number of
observations times the bin width to form a probability density. Bars as short as ~ 1
kpc are measured in F200W, but bars as long as ~ 8 kpc are found in both barred
samples, showing that long bars are already present in z > 1.

The bar-length comparison across wavelengths is discussed for the entire barred-
galaxy sample. However, I distinguish between strongly and weakly barred galaxies
by making the markers in Figure brighter and fainter, respectively. For the
longer wavelength sample, there is no difference in the mean of the weakly and
strongly bar lengths, which are 3.5 kpc and 3.8 kpc, respectively. Furthermore, the
shorter-wavelength sample shows the same results, with the mean bar length for
weakly barred galaxies being 2.8 kpc and 3.0 kpc for strongly barred galaxies.

To understand the origin of this minimal L,, evolution in F200W and no evolu-
tion in F356 W+F444W, I normalise L;,, by galaxy size and assess the evolution of
both Rgy and the ratio Lye./Roo. 1 use the value of Rgy as a proxy for galaxy size,
where Ry is the distance from the centre of the galaxy that contains 90% of the
total light in a given NIRCam filter. The first row of Figure shows the evolu-
tion of Rgy for the barred galaxy samples, along with their distribution on the right
panel. The measured values of Ry, cannot be disentangled for the two JWST sam-
ples across the redshift range. A slight increase towards lower redshifts is observed
in F200W, whilst F356 W+F444W remains approximately constant. To assess if the

bar grows with disc size, or if the bar grows at rates greater than the growth of
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the disc, I observe the evolution of the bar length normalised by disc size, Lyq/Roo,
in the bottom row of Figure Within the redshift range 1 < z < 2.5, there is
no evolution observed in either barred sample, and the shorter wavelength filter is
marginally shorter than the longer wavelength filters. This result indicates that the
increase in Ly, in F200W is accompanied by an increase in disc size.

This high redshift sample is compared to a sample of barred galaxies from SDSS
at z ~ 0 [G11. See also|Neumann et al.; 2024, for more bar length measurements at
z ~ 0]. The volume-limited, near-face-on, massive galaxy sample (0.02 < z < 0.07,
b/a > 0.9, > 10'°M,,) is fit for a bulge, disc and bar in 7—band images, to determine a
sample of 291 barred galaxies. The SDSS PSF FWHM at z ~ 0.05 results in a spatial
resolution of ~ 1.5 kpc, meaning the resolution of the SDSS sample is comparable
to the longer NIRCam wavelength filter, at z ~ 2. The mean L;, ~ 5.3 kpc is
slightly longer than that measured for the JWST sample; however, the distribution
strongly overlaps with that of the JWST sample. Similarly, the values of Ryy at
z =~ 0 are ~ 2 kpc greater than the high-z sample, but the entire distributions
overlap. The normalised bar length is found to be the same at z ~ 0 and z > 1,
with the distributions peaking at L,/ Roo = 0.5. That is, longer bars are found in
larger discs in SDSS, as in the JWST samples, resulting in a constant ratio.

The Milky Way stellar mass, disc size and bar length are indicated in Figure[3.7]
and taken from Bland-Hawthorn and Gerhard [2016]. The Milky Way has features
comparable to those of the local barred galaxy population.

I bridge the gap between z ~ 0 and z > 1, using a sample of 379 barred galaxies
identified in the F814W images from the COSMOS survey at 0.2 < z < 0.835 with
10.0 < log(M,/My) < 11.4 [K21]. Ellipse fits are used to measure Ly, and the
physical resolution of COSMOS is &~ 0.6 kpc at z ~ 0.5, making it comparable to
the PSF FWHM of F200W in JWST NIRCam at z =~ 2. The COSMOS sample has
the longest mean Ly, (5.7 kpc) and a broader distribution. Bars with Ly, < 2 kpc
have not been identified in this sample, possibly due to the selection of more massive
galaxies than my high-z sample, namely a mass cut such that log(M,/Mg) > 10.
This observation is supported by the association that the most massive galaxies host

the longest structures in the local Universe [e.g., |[Diaz-Garcia et al., 2016, [Erwin,
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2019]. However, it should be noted that the z ~ 0 SDSS sample of (G11|has the same
mass cut but does not show a similar dearth of bars with L,. < 2 kpc. Many long
bars, greater than 6 kpc, are found across the redshift range of |G11} |[K21], and such
bars are present but not abundant beyond z = 1. The disc size of this intermediate
sample is shifted towards the larger end, but exhibits stronger overlap with the high-
z sample than the bar length does. However, the normalised bar length achieves the
same ratio as z = 0 and z > 1, which means that the bar length scales with the size
of the disc.

Surprisingly, while I see an increase of &~ 2 kpc in the mean values of L, from
z > 1to z = 0, there is significant overlap in all distributions. Additionally, when
the bar length is normalised by the disc size, I find that its value, Ly, /Rgo, remains
approximately constant on average from z = 4 to z = 0. In this context, it is also
interesting to note that bars as long as 4 — 6 kpc are already abundant at z > 1,
and this corresponds to the mean bar length at z ~ 0 |G11]. However, I observe a
population of bars with lengths of 8 — 12 kpc at z < 1 that is not seen at higher
redshifts. The lack of long bars is due to the smaller size of high-z disc galaxies.

For completeness, I share the evolution of the projected bar length from 1 < z <
4 in Figure [3.8] in the NIRCam filters F200W and F356W-+F444W. No significant
differences are found.

The population of long bars with L, > 8 kpc at low and intermediate redshifts,
found in |G11] and K21, respectively, suggests that in some galaxies a period of
pronounced bar growth commences after the formation of high-z bars, which are
measured in this study to be < 8 kpc (and more typically less than < 6 kpc). To
assess the validity that bars with L;,. > 8 kpc do not exist at Cosmic Noon, and
that a period of growth occurs, I consider volume effects. The area of SDSS (3324
deg?) and COSMOS (2 deg?) are significantly larger than in CEERS; hence, long
bars in my sample could be missed due to their rarity and the smaller volume of
CEERS (88 arcmin?). The co-moving volumes of the samples from (G11/ and K21
are larger than the co-moving volume of CEERS between 1 < 2z < 4 by a factor of
~ 11 and ~ 12, respectively. However, in nearby disc galaxies, 37 very long bars

were observed, whilst 58 were found at intermediate redshifts. This means that one
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Figure 3.8: The evolution of the bar length over 0 < z < 4. The left panels
show lengths measured in this work from JWST NIRCam filters F200W (blue)
and F356W+F444W (red) for bars found in galaxies between the redshift range
1 < 2z < 4, with their normalised distribution shown on the right panels. The first
row shows the distribution of Rgy, whilst the second row is the projected Ly, and
the third row is the normalised Ly, Lpar/Roo. The high redshift sample is compared
against the projected values from a sample of SDSS ¢—band barred galaxies at z =~ 0
|[G11}, black] and a sample of barred galaxies at 0.2 < z < 0.835 using F814W images
from the COSMOS survey [K21] grey]. The mean, u, and standard deviation, o, for
each parameter in each sample are shown in the right panel.
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bar with Ly, > 8 kpc is observed per 251,824 Mpc? and 178,274 Mpc? for the two
samples, respectively. Since the co-moving volume of this study is 884,085 Mpc?,
approximately 4 and 5 long bars should be identified if the occurrence follows |G11
and K21, respectively. Therefore, the lack of long bars at high-z is not determined

to be due to volume effects, but rather could indicate a period of bar growth.

3.5.3 The bar ellipticity

Various techniques and definitions are used to determine a bar’s strength. These
include, but are not limited to, the axis ratio; the ratio of the fluxes inside and
outside of the bar (i.e., the bar contrast); the ratio of the m = 2 and m = 0 Fourier
components. Many of these methods require deprojecting and decomposing the
galaxy image; however, bar and central component modelling is beyond the scope
of this chapter. Therefore, in this study, the bar’s strength is parameterised as the
projected ellipticity of the ellipse at Ly,.. Nevertheless, I note that measuring the bar
ellipticity, €pqr, in high-redshift galaxies can be severely affected by unresolved bright
central sources, the prominence of the central component, and PSF and resolution
effects, as I show below. Here, I present an initial assessment of the bar ellipticity at
high redshifts and briefly compare short- and long-wavelength filters. Additionally,
the previously described deprojection technique is not used, as it can spuriously
broaden the bar if the bar’s position angle is aligned with the line of nodes.

The distribution of e, is shown in Figure [3.9| for short and long JWST NIRCam
wavelengths and is compared to the SDSS barred galaxy sample at z =~ 0. The
bar count is normalised as in Figure [3.7, The ellipse-fitting technique is shown to
underestimate the ellipticity by 20 per cent in (Gadotti [2008]; hence, I derive the
corrected €per aS Eper X 1.2. The mean g, &~ 0.4 for the sample of barred galaxies
in F356 W+F444W | but for F200W, there is a greater proportion of elongated bars;
however, the entire F200W sample also results in a mean &, =~ 0.4. These high
redshift bars thus appear significantly rounder than the near face-on (disc axial ratio
b/a > 0.9) bars observed at z ~ 0, for which the mean &, =~ 0.6. I speculate that
the barred galaxies in F356 W+F444W may appear rounder due to lower resolution
than in F200W. Overall, the bars in the high-z sample are rounder than those in
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Figure 3.9: Distribution of the projected bar ellipticity for JWST NIRCam filters
F200W (double hatched) and F356W+F444W (hatched) for bars found in galaxies
in the redshift range 1 < z < 4. The high redshift sample is compared against a
sample of SDSS barred galaxies at z ~ 0 |G11, solid black]. The mean ellipticity
and standard deviation are given for each sample.
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the z ~ 0 sample; however, I cannot rule out the possibility that unresolved bright
galactic centres and the broadening of central structures by the PSF may artificially

make bars appear rounder.

3.6 Discussion

In this study, I report on the evolution of the bar fraction over the redshift range
1 < z < 4. T identified a significant population of high-redshift barred galaxies
with the bar fraction decreasing from fy,, ~ 0.167003 at 1 < z < 2 to 0.087007 at
2 <z < 3and 0.071’8:8? at 3 < z < 4. I also measured the evolution of the absolute
value of the deprojected bar length from z = 4 to z = 0, finding shorter bars in the
F200W filter and little to no evolution in both samples. Subsequently, I measured
the normalised bar length relative to disc size and found no evolution from the local
to the high-redshift Universe.

Identifying barred galaxies at high redshift poses several challenges, particularly
due to spatial-resolution limitations and cosmological surface-brightness dimming.
It should be noted that observational studies spanning z = 0 — 4 used to map
the evolutionary path of barred galaxies employ different rest-frame wavelengths,
which can affect the derived structural parameters. The sample analysed in |G11]is
based on rest-frame optical data, in the SDSS i-band. However, K21/ measured bar
lengths using F814W, which corresponds to the rest-frame g— and r-bands in the
corresponding redshift range. In this study, I use a combination of filters that probe
a broader wavelength range: rest-frame g— to i—bands using the F200W filter, and
rest-frame i—band to NIR (~ 1.6um, H-band equivalent) using the F356 W+F444W
filters. Below, I discuss my main findings, particularly regarding the co-evolution of

discs and bars.

3.6.1 Capturing short bars with the F200W filter

How confident can I be that I have identified the entire barred galaxy population?
The simulation-based work of |Liang et al.| [2024, hereafter referred to as |L.24] sug-
gested that the bar fraction would be significantly greater, fy.. > 40 per cent for
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z < 3, when using the shorter wavelength channels of NIRCam for improved spa-
tial resolution. This motivated a repeat of the study with both the F200W and
F356W+F444W filters. I discussed the limitations of using the long wavelength
filter, F444W, in § as bars shorter than ~ 2 — 3 kpc were missed from the sam-
ple, since the PSF FWHM is 0.145”; hence, in this study, I aimed to test if I could
capture the shorter bars by performing visual classification on F200W as well, with
its improved PSF FWHM of 0.07".

Surprisingly, I found no difference in the bar fraction between the two samples
(i.e., with the F200W and F356 W+F444W filters), despite obtaining different barred
galaxy populations. I suggest that the similar result in the bar fraction is due to
the shorter-wavelength filter being subject to dust and star-formation obscuration,
whilst the longer-wavelength images trace the underlying older stellar population
of the bar more accurately. Thus, I combined the two samples to capture both
the shorter bars observed in F200W and those observed only in F356W-+F444W |
which are obscured at shorter wavelengths. This combined sample agrees within
the uncertainties with the independent bar fractions of this study and with the few
other studies on the high-z bar fraction [ES25, |G25, |GZ CEERS].

Simulations predict that bars are strengthened and grow with time [e.g., |Algorry
et al., [2017, |Athanassoulal |2003|. In the context of missing shorter bars, this would
suggest that toward the highest redshift end, it becomes more difficult to identify
young bars, as their size could be below the detection threshold [Erwin, 2005]. In
my efforts to mitigate biases, I still observe a decreasing bar fraction trend; how-
ever, it is less steep than previously reported by HST investigations. Nevertheless,
I acknowledge that this bar fraction could still be a lower limit due to redshift ef-
fects, including reduced physical spatial resolution, surface-brightness dimming, and
possibly enhanced gas/dust content and star formation at high redshifts.

Attempting to disentangle the true length of the bars, I compared the bars in
F200W with those of F356 W+F444W. Systematically, the bars are shorter in F200W
than in F356 W+F444W images. The simulation work from [L.24) commented on the
robustness of barred studies at high-z, and showed that the PA is unchanged by

resolution effects and that the bar size is minimally affected under the condition
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Figure 3.10: Single-band images of the example galaxy EGS 23205 in the NIRCam
filters F200W (left) and F444W (right) at z ~ 2.1. The deprojected bar length
is specified, and the bar is represented by a red ellipse. This galaxy is chosen to
illustrate how bars are measured to be shorter in the short wavelength channels
of NIRCam than in the long wavelength channels. The rest-frame wavelength is
~ 0.645um and 1.4um for the two wavelengths, respectively.

that Ly, > 2x FWHM.

Considering the mean L, measured in F200W images is 2.9 kpc, the bias-
corrected bar length L., = 2.93 kpc [For further details see § or Equation
4 of [L24]. Hence, considering resolution effects, the short-wavelength bars remain
systematically shorter than those obtained with longer-wavelength filters.

For galaxies identified as barred in both the short and long wavelength filters of

NIRCam, I measure the ratio of bar length, Lb‘”’LFb zi";‘;;‘:‘f“w I find that the bars in
F356 W+F444W are 1.4 times as long as those in F200W.

To understand the phenomenon behind this result, I show the example galaxy
EGS 23205 in Figure in both filters. In this case, the bar is clearly shorter in the
shorter-wavelength image. I speculate on the origin of this observation; this galaxy
is at z &~ 2.1, meaning that the corresponding rest-frame wavelength for F200W is
~ 6450A.

It is known that bars are more apparent in the NIR than in visible wavelengths

le.g., Marinova and Jogee, 2007]. Hence, the ends of the bar in EGS 23205 are

fainter /obscured in F200W due to the bar dust lanes crossing the bar-spiral arm
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boundary. Therefore, the fact that I find that on average bars tend to be shorter in
F200W as compared to F356 W+F444W seems to be due to two effects: first, because
of the effect just mentioned at the bar-spiral arm boundary, but also, second, because
the better spatial resolution in F200W allows us to see some short bars that are not
detected in F444W.

In contrast, bars were found to be 9 per cent longer in B-band observations than
at 3.6um in 16 nearby S*G galaxies in Menéndez-Delmestre et al.| [2024]. On the
other hand, an increase in bar length and ellipticity at bluer wavelengths was not
observed in the study by |Gongalves et al.| [2025], which analysed 50 barred galaxies
in the TNG50 simulations. However, when considering only star-forming galaxies,
the wavelength dependence becomes prominent. The authors argue that the older
stars populating the bar form shorter, rounder bars, whilst younger stars extend
to greater radii, thereby increasing bar length and ellipticity. This contrasts with
my results, where bars are shorter at shorter wavelengths. However, it is not clear
whether the effects of dust absorption and scattering are comparable across these
studies and those of this chapter. In addition, the aforementioned studies have
employed much broader wavelength ranges than I do here. Furthermore, it should
be noted that star-forming spiral arms become more apparent at bluer wavelengths,
which can bias bar-length measurements based on ellipse fits to trace bars as longer
structures, artificially extending beyond the boundary between the spiral arms and
the stellar bar. In this study, I have carefully inspected my ellipse fits individually
and taken appropriate action to counter this effect (see § .

3.6.2 Bar length-stellar mass relation

I showed that strongly barred galaxies are most commonly found in the most massive
galaxies in § in my nearly mass-complete sample of high-z galaxies. To explore
further the mass dependence of these high-z barred galaxies, I show the bar length
versus the galaxy mass in Figure [3.11]

In the local Universe, the well-known association between bar size and stellar
mass was observed in S*G galaxies by Diaz-Garcfa et al| [2016]. [Erwin [2019] re-

ported on a correlation between bar length and galaxy mass, which is nearly flat for
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Figure 3.11: Bar length versus stellar mass for JWST NIRCam barred galaxies
at 1 < z < 4. The two JWST samples in F200W (crosses) and F356W+F444W
(diamonds) with ordinary least squares fits (dash-dotted and dotted, respectively);
binned mean L, as boxes and standard deviation as error bars. The star indicates
the Milky Way [see results in Bland-Hawthorn and Gerhard, 2016, Wylie et al.,
2022]. The green dashed-dotted line is the ordinary least-squares fit to nearby SDSS
barred galaxies from |G11. The grey solid line is the ordinary least squares bisector
fit to barred galaxies between 0.2 < z < 0.8 from K21l The black dashed line shows
the locally weighted regression fit for nearby S*G spiral galaxies from Erwin| [2019].
The red and blue shaded regions show 2 x FWHM for the lower and upper redshift
boundaries of the F356 W+F444W and F200W samples, respectively. The bottom
panel shows the bar-length stellar mass relation for local galaxies, with bar ages
estimated.
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log(M,/Mg < 10) and becomes steep for greater masses; hence, the most massive
disc galaxies are host to the largest structures (see his Fig. 1). The Milky Way
resides on this relation, with the Galactic stellar mass and bar length taken from
Bland-Hawthorn and Gerhard| [2016] and the bar age from [Wylie et al.| [2022].

The sample does not show a steep relation for log(M, /Mg > 10), as I measure
shorter bars in the most massive galaxies at high redshifts than in their local coun-
terparts. Using an ordinary least-squares fit, I find that the galaxies in the F200W
sample follow log(Rper) = 0.20 x log(M,/Mg) + 0.91, and that the galaxies in the
F356W-+F444W sample follow log(Rper) = —0.26 x log(M,/Mg) + 6.15. The im-
proved PSF FWHM of the F200W sample implies that I should observe shorter bars
in less massive galaxies; however, my observations lie above the linear relation.

I also report on the fit to nearby SDSS galaxies in |G11, which follow the
S*G trend, albeit with a shallower slope. Additionally, the intermediate redshift,
log(M,/Mg) > 10 barred galaxy sample from K21 scales to Ly, with a slightly
steeper linear fit than to the S*G sample.

I show the steeper relation of K21|in Figure which is derived from their
entire sample with a redshift range of 0.2 < z < 0.8. However, the authors reported
that the relation depends on the redshift. Hence, considering only galaxies at z >
0.5, the steepness of the relation decreases; see their Fig. 2d. I report that the
relation is flat for z > 1; hence, between 0.5 < z < 1.5, I suggest that the relation
evolves. Based on the deviation between the high and low-z relations at > 10'°M,,
the greatest growth would occur in the most massive galaxies.

In fact, in the inset of Figure I show the bar length as a function of galaxy
mass for the sample of local galaxies for which bar ages were estimated in |de Sa-
Freitas et al.| [2025]. These initial results indicate that older bars lie within the
upper envelope of the locally observed relation, which is generally consistent with
this conjecture.

However, further studies with larger samples are required to make definitive
statements. Toward the less-massive end, the JWST samples lie above the flatter
relation. I speculate that these galaxies are progenitors of the more massive galaxies

in the local Universe; hence, they would grow in mass and shift towards the steeper
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linear relation at z = 0. These results suggest that the bars at z > 1 are forming
long, through mechanisms independent of their stellar mass, such as mergers. The
lack of a trend is supported by the perspective of simulations on bar length evolution,
namely the finding of merger-induced long bars in [Fragkoudi et al.| [2025] see §

for further discussions].

3.6.3 The “downsizing” scenario

In Figure 3.5 the mean stellar mass for strongly barred galaxies is greater than
that of weakly barred galaxies, identified in either short or long wavelength images
across the redshift range. Furthermore, the strongly barred fraction in disc galaxies
surpasses the weakly barred fraction toward the most massive end of Figure [3.6]
altogether suggesting that the first bars formed in the most massive galaxies. These
results are consistent with the proposed model for “downsizing” in bar formation,
in which the lowest-mass galaxies could be the most dynamically hot due to the
greater effects of star formation, accretion, and interactions. Hence, the most mas-
sive disc population has the greatest ability to withstand these interactions and
remain dynamically cold [Sheth et al.| |2012], thus being subject to bar instabilities.

On the other hand, de Sa-Freitas et al. [2025] found no correlation between the
bar age and the total present-day stellar mass of galaxies in the TIMER sample of
nearby galaxies, which contrasts with the downsizing scenario. The possibility of
reconciling these seemingly opposing results concerns the effects of the environment.
If interactions form bars that grow stronger faster than bars that form with no
help from interactions [e.g., |[Lokas et al. 2016], then, by considering that the most
massive galaxies tend to reside in denser environments, the most massive galaxies
would form stronger bars even without downsizing effects. Testing this possibility
with a quantitative measurement of the environmental density for the galaxies in
my sample of barred galaxies would thus be of major importance, but is beyond the

scope of this chapter.
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3.6.4 Co-evolution of the bar and disc

Prior to JWST, measuring bar lengths beyond z = 1 was limited, and my un-
derstanding of how bar length evolves was informed by simulations. |Athanassoula
[2003] reported that the bar length should evolve, in coordination with the slowing
down of the pattern speed of the bar, causing the co-rotation radius to expand to
greater radii, hence increasing the growth potential for the bar.

In this study, one sees that there is a slight increase in both bar length and disc
size from z = 4 to z = 1, which corresponds to a period of approximately 4 Gyr, but
then at the transition between z ~ 1.5 and z &~ 0.5 (which also corresponds to about
4 Gyr) there is a sharp increase in both parameters, which remain approximately
constant (on average) all the way to z ~ 0.

These results show that bars at z > 1 have lengths between 1 kpc and 8 kpc,
with a mean Ly, = 2.9 — 3.6 kpc, depending on the observed wavelength. Across
the redshift range 0 < 2z < 4, I observe no evolution in the normalised bar length. I
observe some evolution in the mean absolute bar length (2 kpc on average) and the
appearance of very long bars (i.e., with Ly, > 8 kpc; see Figure . In addition,
while bar length correlates with galaxy mass for bars at z < 1, I find that this is not
the case beyond z = 1 (see Figure . These results do not necessarily imply that
individual galaxies do not evolve; rather, they indicate that the overall population
exhibits little average evolution. The current sample of bars at z > 1 is not large
enough to test the dependencies predicted by simulations, but such studies would
be important follow-ups.

The bars identified in this study are at different evolutionary stages, even within
the same redshift bin; thus, the mean values of the properties provide a broad
representation of the ages and stages of bar evolution. In simulations, the formation
time of the bar, as well as the mechanisms under which the bar forms, are known, and
it has been seen that the evolutionary rate of the bar depends on the environment
and host galaxy properties [see, e.g., Athanassoula and Misiriotis, 2002, |[Fragkoudi
et al.| |2025| Lokas et al., 2016].

Remarkably, the bar length normalised by disc size from the local to the high
redshift Universe is constant at Ly, /Rog =~ 0.5 (see Figure. This result indicates
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that the growth of a bar scales with the disc size. In other words, both bars and
discs grow from high redshifts to z ~ 0, but do so at a similar rate.

In the Auriga suite of magneto-hydrodynamical cosmological zoom-in simula-
tions [Grand et al., 2017], Fragkoudi et al.| [2025] reported on the evolution of 39
Milky-Way-like barred galaxies. Through significant merging events at z > 1.5, bars
form with lengths that remain at 4 < L. < 7 kpc. However, bars that form at
later epochs are shorter due to disc instabilities and evolve in length. My results are
consistent with these findings, as I see both some evolution of the mean bar length
towards z < 1, as well as bars at z > 1 that are already as long as the mean bar
length at z ~ 0, namely ~ 5 kpc, and even some bars at z > 1 with lengths up to 8

kpc.

3.6.5 Bar ellipticity correction

The parameter most affected by low-resolution images is the bar ellipticity [L24]. In
§ B.5.3 I share the results that the average epq in JWST bars is significantly less
than that reported at z = 0. These values correspond to projected measurements,
as deprojecting the bar can systematically yield lower &, (i.e., rounder bars) when
the bar is aligned with the galaxy line of nodes.

L.24] showed the impact of resolution levels, defined as n = Ly,,,/FWHM, on the
mean fractional difference (Ac/e) between true and observed bar ellipticities for
simulated data (see their Fig. 10). I can use Ae/e to obtain the bias-corrected bar
ellipticity, following Equation 4 in 24

The mean resolution level for the F200W sample is n = 5.1, and the standard
deviation is 2.8. Hence, the mean n corresponds to the value F/e = —0.10. Thus,
for the average F200W bar ellipticity, €5, = 0.4, the bias-corrected average bar
ellipticity becomes ..., = 0.48. Figure |3.12 shows the shift from rounder observed
bar ellipticities in the F200W sample, which are significantly rounder than the SDSS
sample at z = 0, to more elongated structures when corrected for resolution effect
biases.

I do not repeat this bias correction in the JWST F356W+F444W sample, as the

resolution corrections derived from simulated data are produced from images in the
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Figure 3.12: Distribution of the projected bar ellipticity for the JWST NIRCam
filter F200W (double hatched) and corrected for resolution effects (cross hatched)
for bars found in galaxies in the redshift range 1 < z < 4. Bias-corrected bar
ellipticities are derived from |24 (their Equation 4). The high redshift sample is
compared against a sample of SDSS barred galaxies at z = 0/G11| (solid black). The
mean ellipticity and standard deviation are given for each sample.

F200W filter in [L24, but I caution that the correction would most likely be greater,
as the PSF FWHM worsens towards longer wavelengths in NIRCam. This implies
that the barred structures observed at high-z are often rounder and broader due to
resolution effects, but could, in reality, resemble the well-defined, elongated bars in

nearby disc galaxies.

3.7 Summary and conclusions

I observed that bar-driven secular internal evolution began earlier than previously
thought, only 2 billion years after the Big Bang. This was made possible by the

JWST NIRCam’s improved sensitivity and longer wavelengths. Several studies of



3.7. Summary and conclusions 107

barred galaxy abundance have observed that the bar fraction declines towards higher
redshifts; however, it is twice that previously measured in HST studies [ES25, (G25,
GZ CEERS]. To date, only |G25 have explored the evolution of the bar length for a
barred galaxy sample at z > 1. Hence, I measure the bar fraction and bar-length
evolution in a sample three times the size of the initial sample in Chapter [2]

This study uses NIRCam imaging of all 10 CEERS pointings and selects a 95%
empirically complete sample of 2438 galaxies in the redshift range 1 < z < 4. To
assess the wavelength dependence of the bar fraction and properties, 1 applied the
methodology to two independent samples in different NIRCam wavelength filters:
with the filters F356 W+F444W I observe the older stellar population in the bar; the
filter F200W has an improved PSF FWHM, to capture bars shorter than ~ 2 — 3
kpc, which may go undetected in the F356W or F444W images.

Neighbouring sources are removed using SExtractor. The samples are then op-
timised using ellipse fits to remove highly inclined systems, after which the samples
comprise 1073 and 649 galaxies in the F356 W+F444W and F200W filters, respec-
tively. IMFIT is used to fit 2D Sérsic models to the images, and through parameter
limits, 152 and 37 point sources are removed from the F356 W+F444W and F200W
samples, respectively. The disc and barred galaxy samples are obtained by visual
classifications from five participants, and a bar fraction is derived for the F200W
and F356W+F444W samples. Using the APA and €., values from the ellipse fits,
I derive the deprojected bar lengths for the barred galaxy samples at Cosmic Noon.

A similar bar fraction is observed for both samples, and by combining the two
samples I find a declining trend in the bar fraction: 0.16700s at 1 < z < 2; 0.08709?
at 2 < z < 3; 0.071007 at 3 < z < 4. These results are consistent with my previous
work and other recent bar fraction investigations, suggesting that dynamically cold,
rotationally supported massive discs (and therefore bar-unstable) are present at
Cosmic Noon. Nonetheless, at least a fraction of these observed bars could have
formed via interactions triggering the bar instability in otherwise stable discs.

The lowest bar fraction (< 10%) is seen for galaxies with log(M,/Mg) < 10,
which then raises to about 20% for galaxies with log(M,/My) ~ 10.75 and above.

These results suggest that the first bars formed in the most massive galaxies, con-
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sistent with the “downsizing” model of bar formation. However, I discuss how
interactions can trigger stronger bars in more massive galaxies without leading to
downsizing.

Systematically shorter bars in the short-wavelength channel are observed due to
the higher spatial resolution, but I suggest that dust obscuration may also contribute
to this result. Interestingly, I find that the correlation between bar length and galaxy
mass for galaxies more massive than 101°M observed at z < 1 is not seen at z > 1.

No evolution in the bar length is measured in the long-wavelength NIRCam
images in the range 1 < z < 4, with a mean of 3.6 kpc, but a slight increase of about
1kpc from z = 4 to z = 1 is measured in the short-wavelength images, which have
a mean of 2.9kpc. By adding samples of barred galaxies studied with images from
HST (at 0.2 < 2z < 0.8) and SDSS (at z ~ 0), from K21 and |G11}, respectively, I find
that the absolute value of bar length increases by about 2 kpc on average from z = 4
to z = 0. However, there is significant overlap in the distributions of bar lengths at
all redshifts. In addition, I show that bars and discs grow in tandem, for the bar
length normalised by disc size, Lyy-/Rgo, does not evolve from z =4 to z = 0.

Finally, I show that some bars at z > 1 are already as long and as strong as the
average bar at z ~ 0. On the other hand, I find that the long bars (with Ljg,. > 8
kpc) found at z < 1 are not seen beyond z = 1. Altogether, my results show that,
as a population, bars grow only moderately longer from z > 1 to z < 1, with long
bars already present at z > 1, but that some bars have undergone significant growth

during the same period.



CHAPTER 4

Structural properties of barred

galaxies at z > 1

In this chapter, I present a study that builds on previous chapters and uses ro-
bust analytical techniques to measure the structural properties of barred galaxies at

Cosmic Noon.
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Stellar bars are common structures in the local Universe, and be-
come less frequent as we look back to earlier epochs. However, with
the improved capabilities of JWST, studies have revealed a significant
population of high-redshift barred galaxies, at z > 1. The bar is a
key driver of internal galaxy evolution, and a system’s evolutionary
progress can be probed through its structural properties. To derive
the structural properties of barred galaxies in the early Universe, I
photometrically decompose 27 strongly barred galaxies at z > 1, im-
aged with JWST CEERS in F200W, F356W, or F444W. I fit three
components to the images: a disc (an exponential function), a bar (a
generalised Sérsic function), and a central component (a Sérsic func-
tion). I find that the high-redshift population of barred galaxies has
structural properties similar to those of nearby galaxies, specifically
a peak bar-to-total luminosity of 0.1, an ellipticity of 0.6, and a bar
length of 3 kpc. I also find that bars in passive galaxies contribute
more luminosity to their host galaxies, are rounder, and have flatter
light profiles than those in star-forming galaxies. In this study, I have
confirmed that well-established, evolved stellar bars exist at Cosmic
Noon, suggesting that their formation must be rapid to produce bars
similar to those in nearby galaxies. This work highlights the need to
re-evaluate the mechanisms at play in bar formation and disc settling
in the early Universe and suggests that important aspects of bar-driven

evolution are not secular.
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4.1 Introduction

In the previous two chapters, I have established a significant population of barred
galaxies at Cosmic Noon. Chapter |3| reported on the length and ellipticity of these
barred galaxies, finding that minimal evolution occurred at z > 1; however, a pop-
ulation of long bars (> 8 kpc) is missing at these high redshifts. Previously, I de-
rived the bar’s structural properties via ellipse fitting; however, this technique has
limitations, as the ellipsoidal shape is inherently rounder. Thus, I use the robust
image-analysis technique of 2D photometric decomposition to derive the structural
properties of this barred-galaxy population at high redshifts, with the aim of deci-
phering how these bars evolve across cosmic time.

This chapter is ordered as follows: I briefly summarise the barred galaxy sample
in § [4.2] describe the image preparation and procedures of photometric decomposi-
tion in § present the structural properties of the disc § [£.4.1] bar § [£.4.2] and
central component § before discussing challenges of high redshift studies and
how these results impact the commonly used term ‘secular’ in § 4.5 and finally share

my conclusions in § [4.6]

4.2 Data and sample selection

In this chapter, I build on the analysis of the strongly barred galaxies identified in
Chapter[3] Hence, in this study, I select JWST CEERS NIRCam images in the filter
in which a strongly barred galaxy was identified. The filters used in Chapter 3| were
selected to test the wavelength dependence of the bar fraction by conducting two
independent visual classifications, one in the short-wavelength channel of NIRCam
with the F200W filter, and one in the long-wavelength channel of NIRCam with the
F356W filter for galaxies at redshifts z < 2, and the F444W filter for galaxies at
z > 2. Therefore, in this study, I have selected 16 galaxies in the F200W filter, 11
in the F356W filter, and six in the F444W filter. Of these, six galaxies are classified
as strongly barred in both the short- and long-wavelength filters, meaning I have

a sample size of 27 strongly barred galaxies. The strongly barred galaxy sample is

shown in Figures [4.1] and [4.2] for all of the NIRCam filters used in this study.
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Figure 4.1: JWST NIRCam images of 27 strongly barred galaxies identified in one
or more of the filters F200W, F356W, and F444W in the redshift range 1 < z < 4.
The CEERS ID, redshift, and NIRCam filter of the galaxy are noted in the top left
corner of each image.
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The NIRCam exposures we retrieved from the Mikulski Archive for Space
Telescopes (MAST) and reprocessed with the official JWST pipeline (v1.8.2, CRDS
v1084), following the procedures of Ferreira et al. [2023] and |Adams et al.| [2023]
but incorporating several refinements which are summarised in § 3.2.1] To ensure
sub-pixel alignment across the dataset, each filter is reprojected onto the F444W
grid at a pixel scale of 0.03"pixel™t. A comprehensive description of the workflow
and its validation is given in Adams et al. [2024], |Conselice et al. [2024], Harvey
et al| [2025]. We thus produce 30 mas 128 x 128 pixel cutouts from the NIRCam
data.

In this study, I use the photometric redshifts and stellar masses from Duncan
et al| [2019]. In alignment with Chapter [3| the galaxy sample lies in the redshift
range 1 < z < 4.

By using both the short- and long-wavelength channels of NIRCam, I trace
different stellar components in these galaxies. For example, a galaxy at z = 2
imaged in F200W will have a rest-frame wavelength of 0.67um, residing in the R-
band, whereas the same galaxy imaged in the F356W or F444W filter will be at
a rest-frame wavelength of 1.19um and 1.48um respectively, and correspond to the
NIR. Additionally, the short-wavelength channel has a lower NIRCam empirical
PSF FWHM[] resulting in improved spatial resolution. The F200W PSF FWHM is
0.066"; corresponding to a linear resolution of 0.567 kpc for z = 2. The PSF FWHM
degrades for longer-wavelength filters; hence, the F356W and F444W PSF FWHM
are 0.116” and 0.145”, corresponding to a linear resolution of 0.996 kpc and 1.245
kpc, respectively.

4.3 Photometric decomposition

The properties of stellar structures contain information about the galaxy’s evolu-
tionary history and the mechanisms that drive it. In this thesis, I focus on the

impact of bar-driven evolution in young galaxies at Cosmic Noon. Bar-driven evo-

1JWST user documentation: https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-
performance/nircam-point-spread-functions
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lution is traceable by the growth of the stellar bar component, with regard to its
strength and length, and the formation of central components, such as bulges, which
all relate to the properties of the host galaxy. A powerful technique for deriving a
galaxy’s structural properties is two-dimensional photometric decomposition.

Photometric decomposition is a robust analytical technique that identifies, sep-
arates, and quantifies the surface-brightness contributions of individual structural
components in 2D images. Structural properties are derived from fitting multi-
component models to the surface-brightness distribution. In this study, I use the
program IMFIT v1.8 |Erwin, 2015] to perform photometric decompositions on 33
NIRCam images in the filters F200W, F356W, and F444W on a population of 27
strongly barred galaxies at z > 1.

[ fit all images with three components: (i) a disc, (ii) a bar, and (iii) a central
component. As described in § [3.3.2] the sample has been selected to avoid overly
inclined galaxies (i < 65°), and I do not perform deprojection of the images. The
individual components are combined to form a model image, which is matched to
the original image by adjusting the parameters of the 2D mathematical function
via x? minimisation. I select the differential evolution (DE) minimisation routine,
which T describe in § [£.3.2] and provide details on NIRCam image preparation in
§ I describe the radial light/mass profiles of the three components below.

Disc components are described by an exponential function. The disc exponential
function is built by the extrapolation of concentric and homologous ellipses,

defined by position angle PA4 and ellipticity €4, in the form of:

=1-- 4.1
e=1-2, (1)

where b is the length of the minor axis and a is the length of the major axis

of the ellipse. Thus, the intensity of a given ellipse is such that:
Iy(r) = Ipexp(—r/h) (4.2)

whereby r is the distance from the centre along the semi-major axis of the

ellipse, Iy is the central intensity of the disc, and h is the scale length of the
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disc.

Bar components are described by a generalised Sérsic function. Meaning, the
concentric and homologous ellipses are in fact generalised ellipses. Specifically,
a bar is described by the Lamé curve |[Lamé, |1818|, an ellipse with more than
two foci, and appears as a rounded rectangle. The generalised ellipse of a bar

with position angle PAy, and ellipticity ¢, is described as:

OO R

where |z| and |y| are the distances from the ellipse centre, whereby the ellipse
is centred at the origin, and the ellipse semi-major axis is along the z-axis.
The boxiness of bars is parameterised by ¢, where ¢, < 2 indicates a discy bar
and ¢, > 2 indicates a boxy bar; ¢, = 2 is a regular ellipse. IMFIT measures
the deviation from a regular ellipse ¢y, where ¢, = ¢y + 2. The intensity for a

given generalised ellipse is defined as:

I(r) = I, exp (—bn [(;)w . 1]) , (4.4)

where I, is the intensity at the effective radius r., n, is the Sérsic index,
and b, is a parameter that is a fixed function of n. I use this model to
obtain the effective radius of the bar (R.;) and the Sérsic index (n;), and, in
conjunction with the disc and central component models, to define the bar-to-

total luminosity ratio (Bar/T).

Central component is a generic term to describe the unknown physical nature of
the excess central brightness contribution, and does not inform us on whether
this contribution originates from a classical bulge, a B/P, a rotationally sup-
ported nuclear disc, or other physical candidates, such as nuclear star clusters

or even AGN.

I parameterise this central mass concentration with a Sérsic function, and
preemptively classify the physical nature of the component with the Sérsic

index, n.. Such that, n. > 2 describes a classical bulge, i.e., a pressure-
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supported spheroid, while n, < 2 typically describes a rotationally supported
disc, thus indicating a nuclear disc |Fisher and Drory| [2008]. However, further
analysis is required to determine the true physical nature of this component,
which would benefit from direct measurements of stellar kinematics, though

such measurements are challenging at high redshifts.

The central component is also described by concentric and homologous ellipses,
as in equation with position angle PA. and ellipticity .. The intensity,
I.(r), for a given ellipse is defined as in equation [4.3} where the Sérsic index is
denoted as n., the effective radius of the central component is (R, ), and the

central component-to-total luminosity ratio is (C'/T).

Collectively, T fit 18 free parameters to each NIRCam image, incorporating all
three structural components. I subtract the combined models from the original NIR-
Cam image to create a residual image that can be assessed visually for unmodelled

stellar structures, such as spiral arms and nuclear stellar structures.

4.3.1 Image preparation

I prepare the NIRCam images for IMFIT through a series of steps. Firstly, I use
SEXTRACTOR to create masks of neighbouring sources, background objects, and
foreground stars that IMFIT rejects and are not incorporated into the component
models. Additionally, I convert the NIRCam pixel units from MJy/sr to DN/s by
dividing each image by the FLUXCONV constant specified in the image header.

The model components are described in the IMFIT configuration file. I edit the
configuration file to have the corresponding gain, readout noise, subtracted back-
ground, and exposure time for a given NIRCam filter. Additionally, in the configu-
ration file, I specify the centre of a galaxy as the derived central coordinates from
the ellipse-fitting routine described in §[3.3.2 The central coordinate is constrained
to lie between £2 pixels of the specified value. This central coordinate is used by
IMFIT to fit structural components centred on it.

The model image is convolved with a PSF image to better match the original

NIRCam images. I fed IMFIT with simulated NIRCam PSF images generated by
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STPSF package [Perrin et al., [2014]. T selected a region of +20 pixels centred on
the galaxy to convolve with an oversampled PSF (oversample = 4), so that the
bright central regions, where a more accurate PSF convolution is desirable, receive

a higher-resolution convolution.

4.3.2 Differential evolution

The IMFIT program can optimise model fits via three different algorithms. Firstly,
the Levenberg-Marquardt (LM) algorithm is a commonly used optimisation al-
gorithm in astronomy; for example, it is employed in GALFIT. This method is
favourable because it often converges faster than first-order methods, thanks to the
Gauss-Newton algorithm; however, when interpolating with iterative gradient de-
scent, the LM algorithm can be trapped in local minima. Alternatively, the Nelder-
Mead (NM) simplex algorithm is less likely to be trapped in local minima but is
slower. It is a direct-search method that iteratively transforms in the y? landscape
through reflection, expansion, and contraction. These two algorithms require careful
selection of the initial parameter values for the functions used to fit the images. To
prevent getting trapped in local minima, the process may be repeated, with the ini-
tial values adjusted after inspecting the resulting model fits. However, this can be a
tedious and biased technique within the complex parameter space that characterises
galaxy photometric decompositions.

Two other algorithms are available in IMFIT: the Markov Chain Monte Carlo
(MCMC) and Differential Evolution (DE) algorithms. These unsupervised methods
benefit from global optimisation, making them less likely to be trapped in local
minima of the y? landscape; however, this comes at the cost of significantly slower
computation. On a sample of nearby barred galaxies, |Gadotti [2026] tested the
unsupervised DE and MCMC method against the supervised NM method and de-
termined that the fits are in excellent agreement. In addition, these galaxies were
identified as having nuclear discs based on stellar kinematics, and the central com-
ponent fits from the unsupervised routines produced models with stellar parameters
consistent with nuclear discs. Hence, in this study, I use the DE algorithm [Storn

and Pricel 1997] to minimise the fit statistic and identify the best-fit model. Since



4.4. Structural properties 119

this method is based on global optimisation, the algorithm does not require an ini-
tial guess for the function parameters; instead, it requires upper and lower bounds,

which I specify based on an inspection of the NIRCam images.

4.4 Structural properties

Bars are ubiquitous in nearby disc galaxies and are key drivers of internal galaxy
evolution. Studies of these nearby systems find that the properties of the stellar bar
depend on those of the host galaxy. However, in the early universe, disc galaxies
exhibited a range of properties, including higher star formation rates, smaller sizes,
and greater dynamical heat from recent mergers and interactions. These conditions
have led studies to conclude that bar formation begins at z < 1; however, Chapters
and [3] show that it occurs earlier than previously thought. Additionally, the
latter measures the evolution of bar length. Hence, this chapter uses different image
analysis techniques to determine whether these bars differ from those in the local
Universe by measuring the stellar properties of the disc and bar. This will also
provide insight into the significance of bar-driven evolution in young galaxies.

To derive the stellar structural properties of high-redshift barred galaxies, I have
performed photometric decompositions of NIRCam images using three-component
fits. These components consist of the disc, the bar, and the central component. I
show the three separate components, combined model, and residual image of un-
modelled stellar structures for the example galaxy CEERS 3924 in Figure [4.3] The
residual image has a compressed surface-brightness range to highlight unmodelled
structures, with dark regions indicating emission and light regions indicating no
emission. This galaxy is a near-face-on disc at redshift z = 1.58 with two promi-
nent spiral arms extending from the central bar. A fit of the three components is
achieved, and the residual image shows significant light deficits on either side of
the bar, known as the ‘Dark Gaps’, which can be used to probe the bar strength.
Additionally, an absence of light along the edge of the bar is seen in the lower arm,
which may be the stellar bar dust lane.

Three-component fits are conducted for all 33 NIRCam images, and the best fit
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Disc Bar Central Component

NIRCam F200W Image Full Model esiduals

Figure 4.3: Photometric decomposition of galaxy CEERS 3924 at z = 1.58 in the
JWST NIRCam filter F200W. The top row shows the three components fitted to
the image: the disc (exponential function), the bar (generalised Sérsic function),
and the central component (Sérsic function). The bottom row shows the original
image, the combined model image to be matched to it, and the full-model residuals,
obtained by subtracting the combined model image from the original.
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Figure 4.4: Disc scale length, h, and disc size, Rgg, relation for strongly barred
galaxies at z > 1. The Pearson’s correlation coefficient, the slope, by, and standard

error on the slope, 0y, , are given in the top left corner for the least-squares regression
with a 30 error, shown as a shaded region.

function parameters are given in Table [L.1] I report on the stellar properties of the
disc in § 4.4.1 the bar properties in § |4.4.2] and the central component in § |4.4.3]

4.4.1 The disc galaxies that host bars

Firstly, as discussed in §[3.5.1] I do not find that this high-redshift sample of barred
galaxies peaks at M, =~ 10°M,, as seen in nearby galaxies. Instead, I observe a
strongly barred disc galaxy sample that has a broad range in stellar mass, 9.2 <
log(M,/Mg) < 11.4. In general, the highest redshift galaxies have the smallest discs,
and this can be measured by either the disc scale length, h, or the radius at which
90% of the total light of the galaxy is contained within, Rgy (also referred to as the
Pretrosian-90 radius). The h value is derived from the exponential function fit to the
galaxy disc during image decomposition, and Rgg is obtained from MORFOMETRYKA
[Ferreira et al., 2023]. Figure |4.2shows the correlation between h and Ryg, for which
[ find the ratio to be h/Rgg = 0.2940.03, and the relation has a Pearson’s correlation
coefficient of 0.88. Although these two measures of disc size provide similar insights
into structural properties, it is necessary to report both to provide a complete picture
of the properties that favour bar formation and to enable direct comparisons with

other studies.
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CEERS z log(M4/Mg) Filter PAb b Cb Ny Bar/T Re,b Lb Rgo

ID (kpe)  (kpc) (kpe)
1852 1.02 10.80 F200W 28.91 0.78 2.00 2.00 0.04 3.00 1.86 9.68
12210 1.04 9.56 F200W 21.34 0.90 5.00 0.61 0.07 858 5.35 6.69
25146 1.04 9.27 F356W 42.13 0.50 4.00 0.22 0.15 8.00 4.99 5.18
22362 1.10 10.71  F356W 131.56 0.44 2.30 0.53 0.28 5.07 3.20 6.82
21891 1.14 9.73 F200W 160.37 0.57 5.00 0.24 0.06  3.98 2.53 8.27
2301 1.14 9.69 F356W 60.00 0.62 4.91 0.62 0.11 7.98 5.07 8.62
5241 1.18 10.88  F200W 31.06 0.60 2.00 0.00 0.14  8.00 5.11 8.10
13445 1.18 9.75 F200W 86.12 0.80 2.10 0.10 0.17  6.00 3.83 7.03
4031 1.22  10.89  F200W 20.67 0.73 3.50 0.65 0.33 15.00 9.62 9.07
20556 1.28 10.44  F200W 44.90 0.90 2.10 0.50 0.01 5.00 3.23 12.60
20556 1.28 10.44  F356W 44.89 0.90 2.10 0.50 0.01 5.00 3.23 1291
17196 1.32  10.57  F200W 150.72 0.30 2.10 0.88 0.23 281 1.82 894
1310 1.34 9.77 F356W 191.22 0.50 2.00 0.10 0.03 295 191 7.86
5375 1.34 11.40 F200W 133.62 0.76 3.42 0.36 0.10 9.86 6.39 12.67
5375 1.34 1140 F356W 136.07 0.73 3.53 0.33 0.12 11.04 7.15 11.59
25789 1.44 10.14  F200W 87.82 0.62 4.00 0.57 0.18 3.70 241 8.88
3982 1.44  10.71  F200W 49.19 0.34 4.66 0.42 0.29 5.22 340 6.74
13670 1.54 10.63 F356W 80.00 0.52 3.37 1.00 0.10 3.89 2.54 9.36
3924 1.58 9.79 F200W 29.77 0.81 4.91 0.11 0.08 10.71 6.99 9.48
3924 1.58 9.79 F356W 30.77 0.80 5.00 0.18 0.07 11.04 7.20 6.08
19427 1.72 9.95 F200W 88.32 0.66 2.11 0.11 0.02 2.16 141 7.96
26390 1.72  10.69 F356W 115.00 0.90 2.00 3.00 0.00 4.00 2.61 11.00
23259 1.76  10.47  F200W 185.00 0.36 3.00 0.50 0.06  3.44 2.24 9.53
23259 1.76  10.47  F444W 165.34 0.60 2.00 0.08 0.04  3.00 1.95 9.53
19176 1.80  10.25 F356W 70.73 0.57 7.00 0.75 0.23 12.00 7.80 10.29
27663 1.80 9.88 F356W 122.40 0.68 4.00 0.95 0.08 5.00 3.25 7.19
31125 2.06 11.30 F444W 140.00 0.58 4.00 0.10 0.06  9.05 5.80 8.37
23205 2.12  11.20 F200W 46.41 0.70 2.35 0.77 0.15> 8.61 5.50 9.19
23205 2.12  11.20 F444W 47.08 0.69 4.00 0.68 0.14 10.00 6.39 9.15
5385 2.22  10.21  F444W 123.29 0.72 5.00 0.35 0.10 11.19 7.10 9.91

9703 2.28 10.25  F444W 118.40 0.70 3.00 0.31 0.12  8.60 5.43 5.31

1018 2.38  10.00 F200W 45.00 0.66 5.00 0.96 0.18  6.18 3.87 4.57
1018  2.38  10.00 F444W 41.84 0.60 4.00 0.50 0.09 5.30 3.32 5.29

Table 4.1: Structural properties

of strongly barred galaxies at z > 1 derived from
photometric decomposition. Col. 1: galaxy ID number from the CEERS catalogue;
Col. 2: redshift; Col. 3: stellar mass |[Duncan et al., [2019]; Col. 4: NIRCam filter
used in image decompositions; Col. 5: bar position angle; Col. 6: bar ellipticity;
Col. 7: bar boxiness; Col. 8: bar Sérsic index; Col. 9: bar-to-total luminosity ratio;
Col. 10: bar effective radius; Col. 11: bar length; Col. 12: galaxy Petrosian-90
radius [Ferreira et al., 2023].
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Figure 4.5: The specific star formation rate (sSFR) of disc galaxies at z > 1. The
left panel shows the star formation rate (SFR) per stellar mass for disc galaxies
(squares), used to determine the sSFR threshold for the given redshift bins. The
right panel shows the sSFR of the strongly barred galaxies (diamonds) across the
redshift range. Those with sSFR values above the threshold are star-forming, and
those below are quiescent.

For the redshift range of this study, Ormerod et al.|[2024] reported that galaxies

become smaller at higher redshifts and that their stellar light profiles flatten. It was
found that more passive galaxies at redshifts z < 3 have steeply concentrated stellar
light profiles and that star formation typically occurs in disc galaxies. To understand
the role of the bar in star formation, I categorise galaxies as passive or star-forming
based on their specific Star Formation Rate (sSFR), with those above (below) the
mean sSFR of all disc galaxies for a given redshift bin classified as star-forming
(quiescent). I calculate the sSFR for this galaxy sample using stellar masses and

star formation rates from Duncan et al|[2019]. Figure shows the SFR-stellar

mass relation for the optimised and visually classified disc sample in Chapter [3]
I use the disc sample rather than the strongly barred galaxy sample to achieve a
larger sample size per redshift bin, and the redshift bins are spaced at 0.5 intervals.
Figure shows the evolution of the sSFR for the strongly barred galaxy sample. 1
find a larger population of star-forming barred galaxies beyond z = 1.5, which could
be due to recently formed bars being at early stages of bar-driven evolution. Two
quiescent barred galaxies beyond z = 2 are seen, which could possibly be caused by

rapid bar-driven evolution or by gas stripping from galaxy interactions.
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4.4.2 Structural properties of bars

To fully understand the role of bars in the evolution of young galaxies and, con-
sequently, the impact of bar-driven evolution, it is necessary to have a detailed
description of their properties throughout cosmic time. In this study, the bar prop-
erties are derived from fitting a generalised Sérsic function, with initial upper and
lower parameter limits estimated by visual inspection of the NIRCam images. A
thorough depiction of the structural properties of bars at Cosmic Noon is given in
Figure [4.6] This figure shows the normalised distributions of six structural proper-
ties. These distributions are normalised by dividing the count by the product of the
number of observations and the bin width, yielding a probability density.

At first glance, it is obvious that the structural properties of bars at high redshifts
are similar to those of bars in nearby galaxies and those at intermediate redshifts.
The studies that I have selected to compare this high-redshift sample to are the bar
properties of nearly 300 nearby barred galaxies, derived from photometric decompo-
sitions of SDSS images [Gadotti, 2011]. Additionally, for several parameters, I com-
pare their distributions with those of over 300 intermediate-redshift (0.2 < z < 0.8)
galaxies in the HST COSMOS field, also derived from image decompositions [Kim
et al., 2021].

Several key results are shown in this figure. Firstly, I find a mean Bar/T of 0.1,
meaning that at z > 1, bars on average contain ~ 10% of the total light within the
galaxy. In a few galaxies, this contribution can reach up to 0.3, and the distribution
is consistent with that of the lower-redshift samples. This result shows that during
bar-driven evolution, the bar’s light contribution probably increases rapidly after bar
formation, then remains constant. A Sérsic index of n, = 0.6 shows that many of
these high-redshift bars have closer to Gaussian profiles (n, = 0.5) than exponential
profiles (n, = 1). Therefore, these bars have a shallower central core than nearby
bars, which have an average of n, = 0.7. I derive a broad range of bar boxiness
values, with a standard deviation of 1.3, indicating that many bars are well fit by a
pure ellipse (Cy = 0). This value increases to Cy = 3 for nearby galaxies, which could
be from the strengthening of bars throughout galaxy evolution and the formation

of a boxy-peanut. |Gadotti [2011] derived a mean boxiness value of 2.7; my results
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Figure 4.6: Stellar properties of the fitted bar model from photometric decomposi-

tions of high redshift barred galaxies with JWST NIRCam.

From top left to bottom

right: Bar-to-Total luminosity ratio, bar ellipticity (¢;), bar boxiness (Cj), bar Sérsic
index (np), bar length (L), and normalised bar length by Rgg (L, /Rgg). I show the
mean, pu, and standard deviation, o, of the distributions. I compare these bar prop-
erties to those of a nearby barred galaxy sample in SDSS [Gadotti, 2011}, solid black],

an intermediate redshift sample in COSMOS |[Kim et al.|

2021}, hashed grey], and

the results of Chapter [3| derived from ellipse fitting [Le Conte et al., 2026] solid

grey|. A kernel density estimate, using the Silverman test [Silverman, [1986], of the
bar-length probability density function is shown as a black curve.
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agree with those for nearby galaxies, as bars are more frequently boxy than discy,
as indicated by my values of Cy > 0.

In this study, I find a pronounced peak in ellipticity for the high-redshift bar
sample, with ¢, = 0.7. This is marginally higher than the nearby galaxy sample,
which finds €, = 0.6 using photometric decompositions. Additionally, my result
exceeds that of the intermediate sample, which peaks at ¢, = 0.5; however, this
study uses ellipse-fitting techniques, as described in § 2.3.1] Similarly, this study
finds a peak ellipticity 1.74 times higher than that derived from ellipse fits for the
same sample (see § for the results using ellipse fits).

Figure [4.7] shows the ellipticity derived via ellipse-fitting or photometric decom-
positions for each galaxy in this high-redshift sample. I find that photometric de-
composition consistently yields higher ellipticity values for all galaxies, regardless of
the observing filter. Specifically, I fit a linear least-squares regression and estimate
a slope of 0.35+0.11; however, only a moderate correlation is observed, as indicated
by a Pearson’s correlation coefficient of 0.51. The systematic decrease in ellipticity
observed with ellipse-fitting techniques is because the isophotes mapping the bar
are, in fact, rounder than the bar itself due to PSF effects and, if present, a central
component, and thus the ellipse is rounder. Additionally, these contours cannot
differentiate the central contribution from the bar, which broadens the centre of the
ellipse. Since decomposition methods account for the surface brightness contribu-
tions from the PSF, disc, and central component, this technique provides a better
estimate of the bar ellipticity. Similar studies in the local Universe show that the
difference in ellipticity between ellipse-fitting and 2D fits is in fact 20 per cent [e.g.,
Gadotti, 2008, |2011]. The underlying cause of the difference in ellipticity is sup-
ported by [Marinova et al.|[2009], which found higher ellipticity in bars in disc-only
systems than in galaxies with a disc and a bulge.

Lastly, in Figure I report on the bar length for this sample at z > 1. I obtain
the effective radius, Rey, of the bar from the image decompositions. This analysis
is based on projected images; I haven’t taken the galaxy’s inclination into account,
as discussed in Chapter [l The deprojection of the image as a whole is beyond the

scope of this study, and I do not obtain a proxy for the bar’s semi-major axis from
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Figure 4.7: Structural properties of bars derived by ellipse fitting techniques ver-
sus photometric decomposition, for barred galaxies at z > 1 in the NIRCam filters
F200W (squares), F356W (circles), and F444W (diamonds). Left panel is the de-
rived bar length, Ly, and the right panel is the bar ellipticity, €,. A 1:1 relation
is shown as a black dashed line. The Pearson’s correlation coefficient, the slope,
by, and standard error on the slope, d3,, are given in the top left corner for the
least-squares regression with a 30 error, shown as a shaded region.

the generalised Sérsic function. Thus, here, I present the results of the projected
bar length. For consistency, I compare the results of this study to the projected bar
lengths derived by ellipse fits in § However, it must be noted that the bar
lengths reported in (Gadotti [2011] were of nearly face-on galaxies, and Kim et al.
[2021] used deprojected images. Hence, in a few of the high-redshift cases, the bar
lengths could increase.

Gadotti [2011] reported on the difference between the bar length, Ly, and the
effective radius, Rep, from image decompositions and identified that the two mea-
surements differ by a factor of 2.5. The L, in their study corresponds to the measure-
ment of the minimum ellipticity following the peak ellipticity of the bar ellipticity
radial profile. Hence, these measurements may be slightly larger than those of sim-
ilar nearby barred galaxies that follow different rules. Since, in this study, I derive
the structural properties of the bar from a generalised Sérsic function, I obtain the
best-fit Re, but not Ly,. Thus, I correct for the bar length using the correction factor
reported in the nearby galaxy sample.

The mean bar length for this high redshift sample is L;, = 4.4 kpc with a broad

standard deviation of 2.1 kpc. The high-z distribution is consistent with lower
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redshift studies and observes a similar peak in bar length at ~ 3. A few long bars
(Ly > 6 kpc) are identified; however, none are above 10 kpc, as is seen in the lower
redshift studies.

The results of Chapter [3] found that the bar length marginally evolves over the
redshift range for the barred galaxies imaged in F200W; however, when normalised
by Rgg, a constant ratio was measured for all samples from the local Universe, out to
high redshifts. Here, using photometric decomposition to derive these parameters, I
observe the same trend. The mean normalised bar length is Ly, /Rgg = 0.5, which is
the same as in the other studies we compare this sample to. A not-so-common result
seen in nearby galaxies is that galaxies reside at the high end of this normalised bar
length ratio, with values of Lj,/Rog > 0.6. Here, I identify several of these systems.
This could arise from surface-brightness dimming, which is particularly prominent
in this redshift range; thus, a fainter disc would yield smaller values of Rgg.

In the bar length distribution, a bimodal feature is amplified by the normalised
density of the bins. Thus, I test for a bimodal distribution by applying the Silverman
test [Silverman) [1986] to estimate the bandwidth of the probability density function,
shown in Figure 4.6| as a black curve. Only one maximum is identified; hence,
I cannot infer that this distribution is bimodal. However, a known weakness of
the implementation here is that a simplified version of an estimator proposed by
Silverman is used, and thus, the function is smoothed. If the bimodal feature is
accepted, it is challenging to determine its cause due to the small sample size. The
origin could be the different NIRCam wavelengths used, or it could indicate that two
different bar-formation mechanisms are at work: interactions or mergers producing
long bars and disc instabilities producing shorter bars. Nevertheless, results across
the full redshift range from nearby galaxies to Cosmic Noon show that bars grow
in tandem with their discs. Since long bars are found at Cosmic Noon, this study
corroborates the idea that bar formation can occur in the early Universe and that
a period of rapid growth must occur in these galaxies for their bars to be so well
established.

I have not reported uncertainties for these photometrically decomposed struc-

tural parameters, as this is non-trivial and the DE algorithm does not provide gra-
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dients for the fitting landscape. Thus, I discuss the uncertainties reported in Kim
et al.|[2014], which used the program BUDDA [de Souza et al., 2004} Gadotti, |200§]
for photometric decomposition. The code produces lo statistical errors on each
structural parameter, whereby the minimised y? is iterated until a variation of 1o
is achieved, while all other parameters are fixed. For the structural parameters of
the bar, the authors reported an error of 8%, corresponding to o = 0.008 for my
mean value of Bar/T = 0.1; 5% on the bar ellipticity, corresponding to 0.035 for
e = 0.7; 24% on the bar Sérsic index, corresponding to 0.144 for n, = 0.6; 17% on
the bar effective radius, corresponding to 0.748 for L, = 4.4 kpc; 10% on the disc
scale length, thus corresponding to 0.135 for Ly, /Rgg = 0.5.

A comparison of the bar length derived from ellipse fits and image decomposition
is shown in Figure [4.7] The image decomposition method doesn’t always measure
longer bar lengths than the ellipse-fit method; however, in most cases, it does.
This is indicated by a linear least-squares regression slope of 0.43+0.11, with only a
moderate correlation (Pearson’s r = 0.58). Additionally, this is observed irrespective
of the NIRCam filter. The longer wavelengths in the image decompositions may
be due to my assumption that the Rey-Ly, correction factor for nearby galaxies
is equivalent at high redshifts. The ellipse-fit derived bar length was obtained by
taking the average of radii where the ellipticity peaks and the position angle changes
by more than ten degrees. To repeat, |Gadotti [2011] noted that his corrected L,
corresponds to the minimum ellipticity, following the peak bar ellipticity, and thus
derives a slightly longer bar length.

To understand how the models respond to the different stellar populations traced
by the NIRCam filters, I compare image decomposition results for galaxies identi-
fied as strongly barred in both the short- and long-wavelength channels. Figure
shows the same bar structural properties as Figure but of six galaxies de-
rived for the short- and long-NIRCam wavelength channels. Overall, the algorithm
consistently identifies a similar best fit; however, there are a few features worth
noting. Slightly higher values of Bar/T and n, are obtained for the F200W NIR-
Cam images, as estimated by the linear least-squares regression slopes of 0.6 £ 0.2

and 0.5 4 0.3, respectively. This shows that bluer wavelengths, which trace star
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Figure 4.8: Stellar bar properties derived for the same galaxies in the JWST NIR-
Cam filters F200W and F356 W+F444W. From top left to bottom right: Bar-to-
Total luminosity ratio, bar ellipticity (&5), bar boxiness (Cj), bar Sérsic index (ny),
bar length (L), and normalised bar length by Rgg (L /Rgp). The Pearson’s correla-
tion coefficient, the slope, by, and standard error on the slope, 6;,, are given in the
top left corner for the least-squares regression with a 3o error, shown as a shaded
region. In the lower-right corners of each figure, error bars show the 1o uncertainty

on the mean, which adopts the statistical percentage errors reported in

po14),
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formation and younger stellar populations but are also more susceptible to dust
obscuration, produce brighter (i.e., higher Bar/T) and more centrally concentrated
bars (i.e., higher n;). Similar ellipticity, bar length, and normalised bar length
values are obtained across the different NIRCam filters. This contradicts the re-
sults of Chapter 3] in which I find that bars in F200W images are ~ 1 kpc shorter
than in the F356W+F444W sample. Finally, the boxiness values obtained can vary
widely, making them notoriously difficult to measure and exacerbating this in the
high-redshift sample. The inconsistency could be due to the fitting of other stellar
structures, such as spiral arms, or to improved spatial resolution in F200W, which
may make the ends of the bar more defined; however, further investigation of this
result is beyond the scope of this study.

To test the role of bar-driven evolution in these young disc galaxies, I examine the
distributions of bar structural properties in star-forming and quiescent galaxies in
Figure[4.9, The bars residing in star-forming discs tend to have smaller contributions
to the overall luminosity of the galaxy, with an average Bar/T = 0.1. This is most
likely due to star formation in the outer disc, which significantly contributes to
the surface brightness. Whereas quiescent galaxies will have dimmer outer discs,
meaning the bar has a higher contribution to the overall luminosity.

I find the most elliptical bars to occur in star-forming galaxies, which peaks at
g, = 0.6, and the roundest bars in quiescent galaxies. More elliptical bars may re-
sult from star formation at the end of the bar, a feature observed in nearby galaxies
that makes the bar more elliptical [e.g., |Géron et al., [2024, Reynaud and Downes,
1998 \Verley et al., 2007]. Additionally, during a bar’s lifetime, a vertical buckling
instability may set in, weakening the bar [e.g., Combes et al., 1990, Ghosh et al.,
2024, Merritt and Sellwood,, [1994]. This might explain why I observe rounder bars
in quiescent systems. By contrast, Elmegreen and Elmegreen| [1985] argued that
more elliptical and longer bars are present in early-type spiral galaxies, as theoret-
ically these bars are comprised of more elongated stellar orbits that extend to the
corotation radius. Whereas, a late-type spiral may only have stellar bar orbits that
extend to the ILR.

Star-forming galaxies have bars with profiles closer to exponential (n, = 0.6) than
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Figure 4.9: Stellar properties of the bar in star-forming (blue) and quiescent (red)
strongly barred galaxies. From top left to bottom right: Bar-to-Total luminosity
ratio, bar ellipticity (ep), bar boxiness (Cp), bar Sérsic index (ny), bar length (L),
and normalised bar length by Rgy (L /Roo). I show the mean, p, and standard
deviation, o, for the two samples.
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quiescent galaxies (n, = 0.4). This shows that bars are not strongly concentrated at
the centres of quiescent systems and demonstrates that, in galaxies with heightened
star formation, the bar drives gas inflow, which ignites star formation at its centre.
This correlation was observed by [Elmegreen and Elmegreen| [1985], who reported
that early Hubble-type spiral galaxies have flat intensity profiles for the stellar bar,
whereas late Hubble types have exponential intensity profiles.

[ observe similar Cjy, Ly, and Ly, /Ry distributions for the two galaxy samples.
Despite observing several features in these bar properties, these results must be
interpreted with caution, as the galaxy sample sizes are too small to be statistically

significant.

4.4.3 Central component contribution

The final component in the NIRCam image fit is the central component, which
is necessary to correctly fit the bar and can also provide insight into the physical
properties of the central structure. The central component is fitted with a Sérsic
function; thus, I use the Sérsic index to classify it as a structural candidate. Such
that a Sérsic index of n. < 0.5 indicates a point source, 0.5 < n, < 2 suggests
a nuclear disc, and n. > 2 is a classical bulge. Classifying these structures with
certainty would require kinematic information, which is beyond the scope of this
study. From the 33 image decompositions, I classify 20 as point sources (n. < 0.5),
10 as nuclear discs, and 3 as classical bulges. This distribution of classifications
is interesting, since classical bulges are thought to form through galaxy mergers,
which are considered frequent at these redshifts. Nuclear discs form via bar-driven
evolution; thus, their presence indicates that these systems have evolved quickly to
reach this level of maturity.

Figure shows the evolution of the stellar mass, L, &,, and Bar/T for
the strongly barred galaxies categorised by their central component classification.
Firstly, all central component classification types are observed across the redshift
range, with classical bulges found at z < 2 and point sources in the highest-redshift
galaxies. Additionally, I do not observe a central type-stellar mass dependence.

Gadotti| [2011] found bars with classical bulges to be longer than those with nuclear
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Figure 4.10: Redshift distributions of bar structural properties for the central
component candidates: point sources (n. < 0.5, stars, solid line), nuclear discs
(0.5 < n. < 2, circles, dashed line), and classical bulges (n. > 2, squares, dotted
line). From top left to bottom right, the distributions of: stellar mass, bar length
(L), bar ellipticity (&), and bar-to-total luminosity (Bar/T). The parameter dis-
tribution is shown to the right of each figure.

discs. By contrast, in this study, I find that classical bulges reside in barred galaxies
with a mean L;, ~ 3.6 with a standard deviation of 1.1, whereas nuclear discs reside
in barred galaxies with a mean L ~ 5 with a standard deviation of 2.6. I do not
observe a dependence on bar ellipticity; however, I find nuclear discs in bars with
the highest Bar/T values, with a mean of Bar/T =~ 0.17 and standard deviation
0.09, and classical bulges with a mean of Bar/T ~ 0.14 and standard deviation of
0.04. I cannot determine whether these values are robust because the Sérsic index
of the central component is difficult to measure due to limited resolution. Whereby,
the central component size will be similar to that of 2x FWHM for those observed

in the longest wavelength filter, F444W.

4.5 Discussion

The results of this chapter have built on and revealed novel observational facts about
the structural properties of high-redshift barred galaxies. The primary result, that

the structural properties (including ellipticity, bar length, and luminosity contri-
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bution) of bars at z > 1 are of similar values to those of nearby barred galaxies,
implies that in these cases, bar formation and evolution must occur quickly. These
well-established structures in young galaxies grow in tandem with their host discs,
as evidenced by a constant normalised bar length across the redshift range. This
leads us to rethink the framework for galaxy formation and evolution, since bar-
driven evolution begins in settled, rotationally supported discs much earlier than
previously thought, despite the Universe’s turbulent nature at Cosmic Noon.

To derive these structural properties, I used photometric decomposition to model
and fit the disc, bar, and central component. I find that for galaxies classified as
strongly barred in both the short and long NIRCam wavelength channels, image
decomposition yields good agreement in best-fit parameters across the observed
wavelengths. Compared with ellipse-fitting methods, I measure higher ellipticities
and longer bar lengths because the commonly used method traces rounder ellipses
than the bars themselves. I discuss the challenges of applying these techniques to
high-redshift systems in § [£.5.1]

Another major result is that star-forming galaxies exhibit slightly different bar
structural properties from those of passive galaxies. The bars in star-forming galax-
ies tend to have lower luminosities, be more elliptical, and have steeper central
concentrations. Below, I discuss how dark gaps could be used as a proxy for bar
strength in § [£.5.2] and how the results of this study compare to those of simula-
tions in § [£.5.3] and lastly, how the terminology of secular evolution is no longer
compatible with the results of high redshift studies in §

4.5.1 Challenges at high-z

Until now, bar studies have been limited to redshifts z < 1, since the bar was unre-
solvable in really young galaxies. However, the application of visual classification and
ellipse-fitting techniques has made investigations into high-redshift barred galaxies
possible with JWST’s improved sensitivity. Even though we have an evident occur-
rence of bars in young disc galaxies, how robustly can their properties be measured,
and what are the limitations of imaging techniques for structural properties?

In Chapter [3| T selected a visually classified barred galaxy sample in the short-
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and long-wavelength channels of NIRCam. Out of the 27 unique galaxies classified
as strongly barred, only six were identified as strongly barred in both wavelength
channels. This small fraction suggests that shorter bars identified in F200W were
missed in F356W-+F444W, as even JWST experiences resolution effects, which hin-
der bar identification. A limitation of this study is the small number of barred
galaxies, which is further reduced when using redshift bins. This limitation stems
from the sample selection criteria and the use of visual classification. Future studies
that use automated techniques will be more efficient at analysing larger datasets,
and a more relaxed selection criterion will include lower-mass galaxies at the highest
redshifts (although these bars will be shorter since bar length correlates with disc
size and galaxy mass). Visual inspection of the NIRCam images shows that all fil-
ters are affected by the PSF, particularly by rounding the central structures, thereby
broadening the bar. This is a major limitation of using ellipse fits to measure the
evolution of bar structural properties.

Employing image decompositions circumvents the effects of PSF, since the model
is convolved with the PSF, thereby yielding more accurate measures of structural
properties. To test for biases introduced in higher redshift studies, |Gadotti [2008§]
artificially redshifted images of 12 nearby barred galaxies to z = 0.05 (achieving a
comparable spatial resolution to S*G images), and verified that most parameters,
including Bar/T and h, could be reliably estimated in these higher redshifted images.
Subsequently, |Gadotti| [2011], using the same methodology as in his previous work,
verified that the structural properties ny, Ly, €5, and Cy can be reliably obtained
from lower-resolution images. However, the boxiness of the bar remains difficult to
measure in lower-resolution images, and its ellipticity decreases accordingly. Similar
results are observed in this work. By comparing the properties obtained from F200W
images to F356 W+F444W images, Figure shows that similar values are achieved
for all properties, other than boxiness.

A recent study tested photometric decomposition techniques on images of red-
shifted S*G barred galaxies [Gadotti, [2026]. This sample was selected to have kine-
matically confirmed nuclear discs. The work focused on the photometric decompo-

sition’s ability to reliably measure the Sérsic index of the central component and



4.5. Discussion 137

found that unsupervised DE produces large scatter and yielded systematically larger
values of n. (see their Fig. 11). Hence, this study, alongside other investigations
[Fisher and Drory, 2016, |Gadotti, 2009, Kormendy, 2016], question the accuracy of
the practice of defining the central stellar component into classical bulge, and nu-
clear disc using only the Sérsic index, and caution against using just this parameter.
Instead, a combination of signatures would be required to define the central compo-
nent, such as kinematic observations to unveil dynamical features, the presence of
unmodelled nuclear substructures in residual images, and the existence or absence
of star formation. For these young galaxies, z > 1, only the Sérsic index is read-
ily available, and follow-up observations would be required to obtain well-resolved
kinematics on galaxy centres.

A novel result from this study is the relationship between structural properties
and sSFR. However, a limitation of the comparison is the definition of star-forming
and passive galaxies, which uses the average sSFR of a given redshift bin. As a
result, the threshold varies across redshift bins. Additionally, we note that the bins
are selected in increments of z = 0.5; however, alternative bin sizes could have been
chosen based on a constant population size or cosmic time. I attempted to mitigate
biases by averaging the sSFRs of all disc galaxies, thereby substantially increasing
the sample size. Furthermore, this holds more information about how the barred
galaxies behave compared to the norm for unbarred galaxies. Finally, I chose not to
use a constant sSFR threshold across the entire redshift range because the highest-
redshift bin would predominantly contain passive galaxies, rendering a comparison

impossible.

4.5.2 Dark gaps as a proxy for bar strength

At lower redshifts, a commonly used parameter to measure the evolutionary stage
of a barred galaxy is the bar strength. The bar strength can be defined by the
amplitude of the m = 2 Fourier moment in nearby observational studies [e.g., Aguerri
et al., |2000] and in simulations [e.g.,|Ghosh et al., [2024]. However, Fourier analysis
is challenging at high redshifts because it requires high S/N in the outer regions

of the galaxy, and, for these distant systems, surface-brightness dimming typically
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makes them faint. Additionally, the technique requires deprojecting galaxy images,
which is challenging due to the clumpiness of galaxies in the early Universe, and
resolution limits can lead to overestimation of vertical disc thickness and clump
sizes. Likewise, the bar ellipticity derived from ellipse fits has been used to define
bar strength, but we have discussed throughout this work how ellipticity can be
biased by the technique and definitions selected.

Rather, the strength of the bar can be defined by the magnitude of the light
deficit perpendicular to the bar’s semi-major axis, known as the ‘dark gap’ [Butal
2017, |Gadotti and de Souza, 2003, |Kim et al., 2016]. It is observed that as the bar
evolves, stars are trapped into elongated orbits by the bar, thus the radially bright
light profile along the bar major axis enhances, magnifying the light deficit on either
side of the bar, and simulations show that dark gaps and the stellar bar grow in
tandem [e.g., Ghosh and Di Matteo, 2024]. The extent of the dark gap correlates
with the bar’s speed, indicating the evolutionary stage of the barred galaxy. IL.e.,
Kim et al,| [2025] found slower bars to have shorter dark gaps, whilst faster bars
have larger extents. However, Merrow et al.| [2026] showed that bar pattern speed
doesn’t necessarily indicate a galaxy’s evolutionary stage, since they found baryon-
dominated galaxies can in fact ‘speed up’; contradicting the occurrence of bar slow-
down from dynamical friction. In this study, I haven’t defined the bar strength;
however, the dark gap feature may be used in high-redshift studies to quantify bar
strength in young galaxies.

In my sample of strongly barred galaxies, I find several pronounced dark gaps;
however, I will focus on only one example here. In Figure[d.11] I show the prominent
dark gaps in the galaxy CEERS 5241 at z = 1.18. The dark gap features are
enhanced in the residual image of the photometric decomposition method, shown
as white space on either side of the bar. Previous works are inconclusive about the
physical origin of the dark gaps, with some theoretical studies showing depopulated
L4 and L5 Lagrangian points associated with the CR [Butal, 2017, Salo et al., [1999|
Schwarz, [1981]. While other studies find the dark gaps to be more closely associated
with the inner ultraharmonic resonance [Aguerri et al. 2023, Krishnarao et al., 2022],

and finally Ghosh et al.|[2024] found the dark gaps do not correlate with any of these
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Figure 4.11: Photometric decomposition of galaxy CEERS 5241 at z = 1.18 in the
JWST NIRCam filter F200W. The top row shows the three components fitted to
the image: the disc (exponential function), the bar (generalised Sérsic function),
and the central component (Sérsic function). The bottom row shows the original
image, the combined model image to be matched to it, and the full-model residuals,
obtained by subtracting the combined model image from the original. Red lines
show the extent of the dark gap in the residual image.

significant resonances.

Since prominent dark gaps are found at Cosmic Noon, future observational stud-
ies should examine their locations and determine their physical origins in relation
to bar dynamics. Chattopadhyay (2026; sub.) measures the extent and strength of
the dark gaps for the strongly barred galaxies discussed in this chapter. Across the
redshift range 0 < z < 4, the extent of dark gaps remains remarkably constant, with
a moderate increase in extent from the highest redshifts to = = 1 by ~ 30%, which
remains constant at Rpg/Roo =~ 0.3, until z < 0.05 where the extent decreases. The
strength of the dark gaps is lowest in high-redshift galaxies, indicating that their
discs are brighter. This study finds that the dark gaps, created by the sweeping

bar, are prominent but less distinct than those seen at intermediate redshifts. This
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means that, despite long, well-established bars present in the early Universe, indi-
cating that bar formation occurs rapidly, bar-driven evolution will continue during

this epoch and develop the dark gaps.

4.5.3 Cosmic Noon bars in simulations

With observational studies of barred galaxies becoming possible at Cosmic Noon,
it is necessary to assess the similarity between these real bars and those produced
in simulations. Using IllustrisTNG simulations, Lokas| [2025] found four small satel-
lite merger-induced barred galaxies at high redshifts, z > 3. These bars form with
lengths on the order of 3 kpc and have similar properties to observed high-redshift
barred galaxies. The work of |Gongalves et al.| [2025] tested the wavelength depen-
dence of bar properties in TNG50. They measure a bar length of ~ 4 kpc when
considering only the young stars (< 2 Gyrs) in a galaxy, and an ellipticity of 0.6,
which decreases by over half when considering only the old stars (> 8 Gyrs, see their
Fig. 17).

I have derived bar lengths ranging from 1 to 9 kpc, with a peak at 3 kpc. The
bar lengths measured in simulations are consistent with this peak, although the
longest bar population remains underrepresented. However, I observe an interesting
bimodal feature in the bar length distribution. The origin of this feature may be due
to the bar’s formation mechanism or to subsequent evolutionary processes; however,
determining the true origin is challenging. Alternatively, simulations could provide
some possible explanations. In the Auriga simulations, |Fragkoudi et al.| [2025] iden-
tified several barred galaxies with bar lengths > 4 kpc, with the majority of long
bars forming over 6 Gyrs ago. The weakening of bars has also been explored in the
Auriga simulations by |Lépez et al.| [2025], who studied the B/P fraction in barred
galaxies. In these simulations, the vertical buckling instability of the bar occurs
~ 1.1 and 1.6 Gyr after bar formation, and subsequently the bar strength weak-
ens. Despite these few scenarios, observations still conflict with simulations; thus, a

revision of young bar formation in simulations is required.
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4.5.4 Rethinking bar-driven secular evolution

The theory that bar-driven evolution is secular has been well established and has
been frequently used in the context of disc galaxy evolution [Kormendy and Ken-
nicutt}, 2004]. Most of the work supported the view that the early Universe was a
violent, chaotic period, dominated by mergers and hierarchical clustering [Toomre,
1977|. At a significantly later epoch, slow evolutionary processes dominate the evo-
lutionary track of galaxies, persisting on timescales much longer than the dynamical
timescale.

One of these dominating evolutionary processes is bar-driven evolution. The
description of bar-driven secular evolution was reinforced by HST studies, which
claimed the onset of bar formation at z ~ 1 [Simmons et al., 2014]. Additionally,
the work of |[Buta et al.| [2010] advocated that secular evolution is bar-driven, based
on their observations of weaker bars in SO-type galaxies with higher-mass bulges,
suggesting that bars continue to drive galaxy evolution and to grow bulges in gas-
depleted galaxies. However, in this study, I have demonstrated that the barred
galaxies discovered at Cosmic Noon are indeed mature systems with long, strong
bars. Hence, the bar-formation mechanisms that occur in this epoch must form
rapidly. Additionally, in order for these bars to have structural properties similar to
those in the local Universe, bar-driven evolution must occur over shorter timescales.
Thus, whilst the secondary evolutionary phase of galaxies (post the initial violent
merging phase) occurs over the longest timescales, the descriptor ‘secular evolution’
is misleading, as bar-driven processes, at least within the bar radius, can be rapid

at Cosmic Noon.

4.6 Summary and conclusions

In this chapter, I have performed 2D photometric fits to visually identified strongly
barred galaxies at z > 1. The sample from JWST CEERS was selected to be a
mass-complete disc sample of near-face-on strongly barred galaxies, in either the
F200W NIRCam filter or the F356 W+F444W. This study focuses on 27 barred
galaxies, of which 16 were observed in the F200W filter, 11 in the F356W filter,
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and 6 in the F444W filter. Of these, six galaxies are classified as strongly barred in
both the short- and long-wavelength filters. The images are fitted with a combined
disc (exponential function), bar (generalised Sérsic function), and central component
(Sérsic function) model, which is then convolved with the PSF to produce a residual
image of unmodelled stellar structures. I employ the differential evolution algorithm
to minimise the fit statistic and identify the best-fit model of each image. I obtained
structural properties of each component from the fitted functions.

The main findings are as follows:

(1) In general, high-redshift barred galaxies exhibit similar properties to those in the
local Universe. They have a peak bar-to-total luminosity ratio of Bar/T = 0.1,
peak bar ellipticity of ¢, = 0.6 and peak bar length of L, = 3 kpc. The
normalised bar length is observed to be constant across the redshift range,

implying that bars grow in tandem with their discs.

(ii) Higher redshift bars have shallower concentrated light profiles, since their Sérsic

index is ny = 0.6.

(iii) The 2D photometrically derived structural bar properties (ellipticity and length)
have greater values than those derived from ellipse fits. This is due to the
photometric decomposition technique incorporating the PSF and central com-

ponents into the models, both of which are rounding effects in ellipse fits.

(iv) I verify that the property values derived are robust for these high redshift
galaxies, since similar values are obtained irrespective of the wavelength (in

which shorter wavelengths have improved spatial resolution).

(v) Bars in passive disc galaxies tend to contribute to the overall galaxy luminosity
more than those in star-forming systems. As a result, they are also rounder
bars with flatter light profiles. A potential explanation for this result is that
bars in passive systems are more evolved and weakened by buckling instabili-

ties.

(vi) The observation in nearby galaxies that classical bulges tend to be in galaxies

with higher values of Bar/T and ones with longer bars, is not seen here; in fact,
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I find the opposite. It is unclear whether this trend is real or due to challenges
in defining central stellar structures at high redshifts, where the Sérsic index

cannot be determined robustly.

Overall, this study presents barred galaxies in the early Universe as well-established,
evolved structures that must have undergone rapid bar formation and early bar evo-
lution to produce long bars with properties similar to those observed in nearby
galaxies. This work provides insight into the role of bar-driven evolution in young
galaxies and underscores the need to re-evaluate the theory of early disc settling and

the onset of bar formation.



CHAPTER 5

A nuclear disc at Cosmic Noon:

evidence of early bar-driven galaxy

evolution

In this chapter, I present a paper submitted to the Letters of the Monthly Notices of
the Royal Astronomical Society |[Le Conte et al., [2026] on the discovery of a nuclear

disc at Cosmic Noon.
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Recent studies have revealed that bars can form as early as a few
billion years after the Big Bang, already displaying similar character-
istics of evolved bars in the Local Universe. Bars redistribute angu-
lar momentum throughout the galaxy, regulating star formation and
AGN activity and forming new stellar structures, such as nuclear discs.
However, the effects of bar-driven evolution on young galaxies are not
yet known, as no evidence of bar-built stellar structures has ever been
found beyond z = 1, until now. In this work, I present evidence
for a bar-built, star-forming nuclear disc already present at redshift
z = 1.5. This is the first evidence of a bar-built stellar structure at
Cosmic Noon. I find that this nuclear disc is actively forming stars and
is comparable in size to some nuclear discs in nearby galaxies. This
evidence solidifies the emerging picture in which bars are fundamental
not only in the late evolution of galaxies but also in their early stages.
It challenges the current paradigm by urging a revision of my picture
of galaxy evolution beyond redshift one to include new considerations

of the role of bars as early as a few billion years after the Big Bang.
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5.1 Introduction

During the image analysis of Chapter [, a unique and interesting galaxy was re-
vealed. Thus, in this chapter, I conduct a follow-up study of this galaxy, using
several image analysis techniques to accumulate evidence for a nuclear disc at Cos-
mic Noon.

In this Chapter, I present detailed structural analyses of JWST images of a
barred galaxy at a spectroscopic redshift of z = 1.5 and provide evidence for a
nuclear disc. This is the most distant nuclear disc to date. In the next section, I
present the data and analyses performed, while in §[5.3]T present the results, which

are discussed in § .4} Section [5.5 summarises my main conclusions.

5.2 Data analysis

5.2.1 Data

For this study, I use JWST CEERS observations, including imaging from the NIR-
Cam filters (F115W, F150W, F200W, F277W, F356W, F410M, and F444W) and
spectra from the Near Infrared Spectrograph (NIRSpec) with medium resolution,
R ~ 1,000, and gratings (G140M, G235M, and G395M). The NIRCam exposures I
retrieved from the Mikulski Archive for Space Telescopes (MAST) and repro-
cessed with the official JWST pipeline (v1.8.2, CRDS v1084), following the pro-
cedures of Ferreira et al.| |2023] and Adams et al. [2023] but incorporating several
refinements which are summarised in § 4.2 To ensure sub-pixel alignment across
the dataset, each filter is reprojected onto the F444W grid at a resolution of 0.03”
pixel™'. A comprehensive description of the workflow and its validation is given in
Adams et al.| [2024], Conselice et al.| [2024], Harvey et al. [2025]. We thus produce
30 mas 128 x 128 pixel cutouts from the NIRCam data.
The reduced spectra for the galaxy were obtained from the DAWN JWST Archivd]|

(DJA). A consistent redshift of z = 1.461 was identified across all 3 spectra (G140M,

Thttps://dawn-cph.github.io/dja/
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G235M, G395M) using the msaexp redshift fitting tool (which the DJA uses). The
spectra cover the nuclear bar, but analysing the spectra is beyond the scope of this
chapter, since spectra of the main bar or disc are not available. In this study, I
use the NIRCam empirical PSF FWHMP The F115W PSF FWHM is 0.040”; cor-
responding to a linear resolution of 0.347 kpc for z = 1.461. The PSF FWHM
degrades for longer-wavelength filters; hence, the F444W PSF FWHM is 0.145",
with a linear resolution of 1.259 kpc. The image analysis of this chapter is primar-
ily conducted in the F150W and F200W filters, with PSF FWHMSs of 0.050” and
0.066”, corresponding to linear resolutions of 0.434 and 0.573 kpc, respectively.

5.2.2 Unsharp masking

Bright components at the centre of galaxies can make it difficult to identify finer
substructures, such as the nuclear disc. The change in light between the nuclear
disc and the stellar bar or main disc can be enhanced by the effective technique
of unsharp masking [e.g., Malin| |1977], which removes light associated with large
structures in the galaxy. I generate unsharp masked images by first convolving the
NIRCam image with a circular Gaussian kernel with o = 4.4 pixels, corresponding to
0.132”. The kernel size was chosen to be greater than 2x FWHM and the radius of a
possible nuclear disc. The original NIRCam image is then divided by the convolved

image to reveal small structures in the galaxy.

5.2.3 Photometric decompositions

A powerful technique for deriving the structural properties of a galaxy is to perform
a two-dimensional photometric decomposition, which I perform here using IMFIT
v1.8 [Erwin, 2015]. T proceed with my image preparation and IMFIT configuration,
as described in § 4.3

I fit all NIRCam images with three components: the disc, bar, and central com-

ponent. Collectively, I fit 18 free parameters. See § for a detailed description of

2JWST wuser documentation: https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-
performance/nircam-point-spread-functions
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the central component fit.

5.2.4 Isophotal analysis

Structures in galaxies can also be traced with contours of equal intensity, i.e.,
isophotes. The structures deduced from isophotal contours can be parameterised
with ellipse fitting. For example, an indication of a barred nuclear disc within a
barred galaxy is a double peak in the radial profile of the ellipticity of the isophotes
[see |[Erwin, |2004]. See the ellipse fitting routine described in Chapter (3| for details
about this technique.

I obtain the parameters of the fitted ellipses as a function of radius, and I am
most interested in the radial profiles of the isophotal ellipticity. 1 thus focus on

identifying the semi-major axis of any major, isolated ellipticity peaks.

5.2.5 SED fitting

We perform resolved SED fitting using the Bayesian SED fitting tool BAGPIPES
le.g., |Carnall et all 2018] via the EXPANSE package [e.g., [Harvey et all 2025] in
order to produce resolved measurements of the stellar mass and star formation rate
surface densities in the central component, bar, and disc of the galaxy. The SED
fitting model is constructed as follows: we fix the redshift to the known spectroscopic
redshift, with the flexible non-parametric ‘continuity’ star formation history (SFH)
of [Leja et al.| [2019]. To model dust attenuation, we use a single-component dust
law [Calzetti et al., [2000], with a uniform prior of 0 < Ay < 5. We utilise a BPASS
[Stanway and Eldridge, |2018] SPS model, with a Kroupa [2001] initial mass function
(IMF), allowing for nebular emission from star-forming regions using CLOUDY post-
processing with a uniform prior on the logarithm of the ionisation parameter log U
between -4 and -1. We allow a broad log-uniform prior on stellar metallicity, between
1073 and 2.57,.

The resolved SED fitting process broadly follows Harvey et al. [2025]; in short,
we convolve all NIRCam cutouts to the measured PSF for the F444W filter using

an empirical PSF model, then perform Voronoi binning on the F277W cutout using
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VORBIN [Cappellari and Copinl, 2012] to ensure a per-bin SNR > 10 in every fitted
region. This SNR is sufficient for simple measurements of the 4000A break (D4000),
but in the central regions, which are the focus of this study, it is largely exceeded. We
mask a small number of bins very close to the detector edge in the long wavelength
filters, which are noise-dominated. We fit each bin independently using BAGPIPES as
described above using MultiNest nested sampling [e.g., Feroz et al.,|2009]. We probe
the strength of the D4000 by also using HST ACS/WFC F606W (~ 0.6um) and
F814W (~ 0.8um). We thus produce maps of the star formation rate (SFR) density,
stellar mass density, and the strength of the 4000A break (D4000), corresponding

to the 50th percentile of the posterior distribution for each bin and parameter.

5.3 Results

Armed with the analysis tools described above, I studied the structural properties
of a subset of barred galaxies at z > 1 from the work presented in Chapter [3|
The study identified more than 70 barred galaxies via visual classification, and the
analysis techniques described here were used to measure their bar properties in
Chapter . In the course of these analyses, I have found one galaxy (CEERS 4031)
with evidence of a nuclear disc.

I thus report here the discovery of the first nuclear disc observed beyond z = 1
and having an age of only 4.5 billion years after the Big Bang. The log,,(M,) =
10.75 £ 0.05 Mg, galaxy was categorised as a strongly barred galaxy in my study
of the bar fraction, which used visual classification and ellipse fits to identify a
high-redshift sample of barred galaxies and measure their properties. This galaxy
already stood out in that analysis, as [ measured a long bar with a projected length
(semi-major axis) of Ly, = 5.33 & 0.08 kpc in a near-face-on spiral disc. However,
we note that given the low inclination of the galaxy, the true, deprojected length is
not substantially different, although it will naturally be slightly larger.

Figure 5.1|shows the galaxy in seven NIRCam filters, where a central structure is
already discernible; in particular, an elongated structure is seen in the bluest filters

(which have better spatial resolution). The NIRCam filter wavelength range spans
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F115wW F150W F200W F277W
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Figure 5.1: The galaxy images from seven NIRCam filters, annotated in the top-left
corner of each image with the filter name and rest-frame wavelength for a redshift
of z = 1.461. A circle depicting 2xFWHM of the PSF is shown in the lower-left
corner of each image. The lower-right panel is an RGB image obtained from the
filters F115W, F150W and F200W.

from 1.15pum to 4.44um, corresponding to a rest-frame wavelength of 0.47um to
1.80pum for this galaxy at z = 1.461. The RGB image constructed from the shorter-
wavelength channel reveals that the ends of the elongated central stellar structure
are bluer, indicating younger stellar populations and enhanced star formation.

Using three of the techniques described in detail in § encompassing structure-
enhancement and model-dependent approaches, I reveal the nature of the nuclear
structure. These techniques are: unsharp masking, which enhances high spatial
frequency substructures; 2D photometric decomposition, which involves the fitting
of a three-component model composed of a disc, bar, and a central component
representing the main stellar structures of the galaxy; and isophotal ellipse fitting
to the isoluminance contours of the image, allowing one to obtain a radial ellipticity
profile of the galaxy and its inner components. The photometric decomposition can
also be used to produce residual images, often revealing substructures.

The results from the analyses of the NIRCam filters F150W and F200W are
shown in Figure[5.2l These two filters were chosen for their optimal balance between

high spatial resolution and not being too ‘blue’, where the main bar becomes too
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Figure 5.2: Image analysis of the galaxy in the F150W (top row) and F200W (bot-
tom row) NIRCam filters. From left to right: NIRCam image; unsharp masked
image; IMFIT residual image for a multi-component fit; isophotal ellipse fitting of
the NIRCam image; ellipticity (black) and position angle (grey) radial profile from
ellipse fitting, showing the peak in ellipticity of the nuclear bar in the nuclear disc
as a dashed line and of the main bar as a dotted line. The nuclear disc size, mea-
sured from visual inspection of the images, is indicated by a dot-dashed circle in the
unsharp-masked and residual images.

clumpy and a fit cannot be obtained. An elongated structure exhibiting a pair
of symmetric ‘wings’ resembling spiral arms ~ 1.3 kpc in radius, is enhanced in
the unsharp-marked images. These images reveal a distinctive light deficit between
the bar and this central stellar structure. The light deficit is important because it
indicates a physical separation between the central stellar structure and the bar,
and thus is not simply a continuation of the bar towards the centre.

The stellar substructure is further highlighted in the residuals of the multi-
component fit to the image. For the NIRCam filters F150W and F200W, I subtract
the optimised model from the original image, which now clearly reveals a spiral
structure. Again, the nuclear spiral structure consists of two winding arms that ex-
tend to &~ 1.3 kpc. In F200W, the 2D decompositions indicate a central component
with an effective radius, R, ~ 0.5 kpc, and with a Sérsic index, n = 0.8. In F150W,
I measure an effective radius, R, =~ 0.4 kpc, and a Sérsic index, n = 0.5, although
note that slight differences between filters may reflect the different dominant stellar
populations in each filter. The near-exponential radial profile of the central compo-

nent strongly suggests that it is indeed a nuclear disc hosting nuclear spiral arms,
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much like nearby counterparts such as NGC 1097 and NGC 4314 [see Erwin and
Sparke, 2003, Gadotti, [2026] (Gadotti et al., 2019].

The uncertainties in parameters derived from photometric decomposition are
non-trivial; however, studies have investigated the extent of these errors. [Kim et al.
[2014] discussed the variation in structural properties when changing the sky back-
ground by lo, and found that an increased sky background increased the Bar/T
and ND/T by ~ 8%, and the same happened in the reverse (see their Sec. 3.2). A
variation in the sky value affects the bar and central component effective radius, R.,
by less than 3%. Furthermore, the author derived statistical errorsE| of < 10% for
the nuclear disc effective radius, 17% for the bar effective radius, with ellipticities
ranging from 5% to 15% for these two components, 13% for the central component
Sérsic index, and 24% for the bar Sérsic index. Thus, the 1o error corresponds to
o = 0.11 for n = 0.843 and 0 = 52.5 for R. = 525. The recent work of |(Gadotti
[2026] conducted nuclear disc structural analysis on the TIMER sample |Gadotti
et al.l 2019] and reported that nuclear disc Sérsic indexes range from =~ 0.5 to ~ 2,
peaking at ~ 1.5. Additionally, the study found the nuclear disc size spans from
200 pc to 900 pc, peaking at 500 pc. I find this nuclear disc at Cosmic Noon to be
similar to, if not larger than, those observed in nearby galaxies.

In addition, the elongated central structure from which the nuclear spiral arms
emerge, readily seen in the NIRCam images taken with the bluest filters, suggests
that the nuclear disc also hosts a nuclear bar. An indication of a barred nuclear
disc within a nearby barred galaxy is shown as a double peak in the radial ellipticity
profile derived from ellipse fits, since the two bars produce independent ellipticity
peaks. Indeed, I do observe this behaviour in the NIRCam F150W and F200W
filters. The peak of the nuclear bar ellipticity, episow = 0.28 £ 0.02 and epogow =
0.22 + 0.01, occurs at the same radii in both filters. Thus, corresponding to the
peak in ellipticity, the nuclear bar has a length of 1050 pc, and the radial profile is
derived with a step size of 78 pc; hence, the nuclear bar size is Lyg = 1050 £ 78

3Kim et al|[2014] derives statistical errors from BUDDA |de Souza et al. |2004, Gadotti, 2008]
which gives robust 1o uncertainties on each structural parameter. Whereby, the program finds the
global 2 minimum, and in keeping all other parameters fixed, iterates until the x? values equate
to a variation in lo.
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Property Value Unit
RA 214.937795  °
DEC 52.826470 °
Redshift (2) 1.461

Stellar mass (log;y(M,/Mg))? 10.75 £ 0.05

Bar length (L, )P 5.33£0.08 kpc
Bar ellipticity (£pq,)® 0.50 4 0.01
Nuclear bar size (Lxg)® 1050 £78  pc
Nuclear disc size (Rnp)© 1300 pc
Nuclear disc effective radius (R, )< 525+52.5  pc
Nuclear disc Sérsic index (n)4 0.843 £ 0.11
Disc-total luminosity ratio (D/T')4 0.50 £ 0.08
Bar-total luminosity ratio (Bar/T)? 0.33 £0.03

Nuclear disc-total luminosity ratio (ND/T)% 0.17 £ 0.01

Table 5.1: Main properties of CEERS-4031.

2 Photometric.

> From ellipse fits in F200W.

¢ From visual inspection of the unsharp-masked images and de-
composition residuals in F200W. Both measurements agree on
the quoted value.

4 From the photometric decomposition in F200W.

pc. The shorter wavelength F150W filter indicates a slightly higher ellipticity for
the nuclear bar and main bar than in the F200W filter. Such an effect has also
been seen in local barred galaxies [e.g., Menéndez-Delmestre et al., 2024]. The PA
is not exactly constant in the NSD/NB region but shows a minor variation of about
10 degrees. It is unlikely that this is caused by the nuclear spiral arms because
the isophotes corresponding to the latter are quite round, as the galaxy is close to
face-on, and so their PA is ill-defined, and their ellipticity is low. The nuclear disc
itself is slightly larger than the nuclear bar, as seen often in nearby galaxies. In
the two approaches that I have conducted, the measurements agree that the nuclear
disc size is approximately 1.3 kpc. I list the structural properties of the nuclear disc
derived from my analyses along with the host galaxy properties in Table [5.1]

In local galaxies, the outer parts of nuclear discs are often regions of heightened
star formation and younger stellar populations, because gas is driven by the bar to-
wards the centre [see also Huang et al., 2025]. To examine whether the area I have
identified as the nuclear disc exhibits this characteristic, we perform resolved Spec-

tral Energy Distribution (SED) fitting and produce property maps, shown in Figure
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Figure 5.3: Resolved property maps from NIRCam SED fitting. Left to right: stellar
mass density, SFR density, and the strength of the 4000A break.

[.3] which reveal a high SFR density within Rxp = 1.3. Additionally, we find very
low D4000 values within Ryp, indicating younger star-forming populations. This
enhanced star formation in the nuclear disc qualitatively agrees with the observed
bluer ends of the nuclear bar and nuclear spiral arms in the RGB image in Figure
Altogether, I find that the nuclear structure in this galaxy shares properties

with that of star-forming nuclear discs in the local Universe.

5.4 Discussion

I claim in this study that efficient bar-driven galaxy evolution has commenced by
Cosmic Noon, resulting in the formation of a large nuclear disc. The size of the
nuclear disc correlates with the length of the bar in nearby galaxies [e.g.,
et al., 2020, Seo et al., 2019]. As the bar drives gas inwards, the nuclear disc is

believed to grow inside-out [e.g., Kim and Lee, |2012], since the gas halts at succes-

sively larger radii, inducing bursts of star formation always more pronounced at the

edge of the nuclear disc [e.g., Bittner et al., 2020]. In this study, I discover a large

nuclear disc, Rxp = 1 kpc and a long bar ~ 5 kpc, which sits above the nuclear disc

size to bar length relation in (Gadotti et al.| [2020]. |Shlosman et al.| [1989] define the

co-evolution of the nuclear disc and bar to be limited by the Inner Lindblad Reso-

nance (ILR) at 0.1Rp,,. Here, I find a greater radius at 0.2Ry,,, suggesting that the
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nuclear disc has grown significantly and rapidly. Rapid substructure growth could
be facilitated by the higher baryonic gas fractions observed at z ~ 1.5 [see Fig. 8 in
?], which corresponds to fgs ~ 0.4 for the redshift and size of this galaxy. Gas is
expected to play a significant role in the formation and evolution of barred galaxies,
yet studies differ on the extent of its effects. Cosmological simulations find that, for
strongly barred and unbarred galaxies, gas fractions are lower in the former |[Algorry
et al., 2017, 7], whilst Seo et al|[2019] reported that cold stellar discs with large
gas fractions formed bars earlier and more strongly, whereas high gas fractions in
warm discs delayed bar formation. On the other hand, ? shows that bar formation
is more delayed in gas-rich discs than in gas-poor discs.

The recent study of |[Huang et al.|[2025] observed that extreme processes were at
play in a massive barred galaxy (4.5 x 101 M) at 2z = 2.467. Through kinematic
analysis, the authors found the galaxy to have a gas mass inflow rate of 579Mgyr 1.
By comparison, this is more than an order of magnitude higher than the rates
of 0.01 to 50Mgyr~—! found for barred galaxies in the local Universe [Haan et all
2009]. Hence, is the bar-driven evolution of CEERS-4031 as extreme as the processes
reported in|Huang et al. [2025]7 I make several assumptions to calculate the gas mass
inflow rate of CEERS-4031, namely that the ND/T luminosity ratio is equivalent
to the ND/T stellar mass ratio. Furthermore, I assume that the nuclear disc forms
instantaneously after bar formation. Using the stellar mass and ND/T ratio given
in Table I estimate the bar formation time given the gas inflow rate measured for
local galaxies. For the most extreme and mean molecular gas inflow rates observed in
Haan et al. [2009], 22.96 and 8.148Myyr~! (see their Table 9), I derive the formation
times 0.42 and 1.17 Gyrs before the observation of this galaxy, corresponding to bar
formation at the redshifts z ~ 1.5 to 1.7. Galaxies at Cosmic Noon are likely to
be more gas-rich; thus, the more extreme gas inflow rates of locally barred galaxies
would be more representative of this high-redshift galaxy. Alternatively, I calculate
the bar formation time to be only 1.65 x 107yrs before the observation of this galaxy,
assuming the inflow rate from [Huang et al.| [2025]. This would require processes that
rapidly form a nuclear disc, since some simulation studies find that nuclear discs

form ~ 10% yrs after bar formation [e.g., |Athanassoulal (1992, Emsellem et al.; 2015,
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Seo et al.| 2019]. Thus, it is unlikely that CEERS-4031 exhibits the same extreme
dynamical processes as those of some other high-redshift galaxies. Altogether, these
results suggest that the large gas fraction in CEERS-4031 has not influenced the
formation and evolution of the bar, which is in line with the theoretical work of
Fragkoudi et al.| [2025].

A novel approach to age dating the bar of nearby disc galaxies is developed in
de Sa-Freitas et al.| [2023] |2025], where the authors predicted that both bars and
nuclear discs might be present since z ~ 4. The method assumed that the nuclear
disc forms quickly after the bar, so differences in the star-formation histories of
the nuclear and main discs reflect the bar’s age. To date, nuclear discs have been
found only in nearby galaxies, and the assumption that nuclear discs form relatively
quickly after the stellar bar has been supported by simulations. The discovery of a
nuclear disc in a high-redshift galaxy provides evidence that nuclear discs can form
at early epochs, particularly during the epoch of bar formation. To understand the
star formation history of this galaxy and disentangle the age of the bar, I would
require NIRSpec IFU data.

Nuclear structures larger than ~ 600 pc at z ~ 1.6 are resolvable with the NIR-
Cam F200W filter, which is remarkably better than other space-based instruments
[see table C1 of ?]. CEERS-4031 has an extremely large nuclear disc with nuclear
spiral arms and a nuclear bar, all of which are resolvable with NIRCam photometry.
However, nuclear discs < 0.8 kpc in size would be missed. In a study of nearby
nuclear discs, |Gadotti [2026] reports that the distribution of R. ranges from 200
to 900 pc. In my study, the derived R, =~ 500 pc agrees with the peak of the
nearby galaxy distribution. As expected, the visually measured nuclear disc size is
systematically larger than R.. My result is supported by the theoretical work of
Kim and Lee| [2012], which finds nuclear spiral arms in nuclear discs of type xo and
Rnp > 0.6 kpe. In the local Universe, up to ~ 50% of the galaxies with stellar mass
log,o(M,) > 10.5 Mg (which corresponds to the galaxy in this study) host a nuclear
bar [e.g., Erwinl, 2024]. Population statistics will improve our understanding of the
environments which promote bar-driven evolution and unveil the role of nuclear discs

in AGN fuelling during the peak of cosmic AGN activity. However, such studies will
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only reflect the properties of the largest nuclear discs due to the aforementioned
resolution effects. The MICADO instrument at the Extremely Large Telescope will
be able to resolve most, if not all, nuclear discs at all redshifts [?].

My discovery of a nuclear disc at Cosmic Noon provides evidence that we need
to reevaluate the use of the term ‘secular’ in the context of bar-driven evolution.
Whilst some aspects of bar-driven evolution may be secular, other processes within
the bar radius may be considered to be rapid, especially regarding gas inflow and
the building of nuclear structures. Furthermore, I measure the nuclear disc size to
be on the larger end of the size distribution in nearby galaxies, indicating that gas

has been efficiently transported and accumulated in the central region.

5.5 Conclusions

I discovered the most distant nuclear disc within a barred galaxy to date at z = 1.461,
providing unequivocal evidence for bar-driven galaxy evolution in the early universe.
The nuclear disc has a radius of Rxp &~ 1 kpc, hosts a nuclear bar and nuclear
spiral arms, and exhibits a near-exponential radial profile, thus being consistent
with nuclear discs in nearby galaxies. Within the nuclear disc region, I observe
heightened star formation and younger stellar populations, indicating bar-driven
gas inflow. This nuclear disc thus exhibits all the hallmark signatures of bar-driven
evolution in nearby galaxies and provides evidence for the rapid maturation of galaxy

discs and bars at Cosmic Noon.



CHAPTER 6

Conclusions and outlook

In this thesis, I present the research conducted during my 3.5-year doctoral study
at Durham University. To date, the onset of bar formation and the bar-driven
evolution in young galaxies remain poorly understood. Through four investigations,
I sought to test whether bars are present in disc galaxies at Cosmic Noon and, if so,
how they differ from barred galaxies in the local Universe. Thus, I present the first
comprehensive study of high-redshift barred galaxies using JWST NIRCam images
in the CEERS survey.

This work was conducted by performing image analysis on several selected filters
from the short- and long-wavelength channels of NIRCam. The CEERS sample
overlaps with the HST EGS field, enabling a direct comparison. A nearly mass-
complete galaxy sample at the redshift range 1 < z < 4 was selected, and optimised
to select near face-on galaxies. The disc and barred galaxy samples, spanning a
range of NIRCam filters, were obtained via visual classification by five participants.
With the resultant barred galaxy sample, encompassing the two categories, strongly
and weakly barred, I traced the evolution of their incidence and structural properties

to evaluate how bars form and evolve in young galaxies.

158
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Taken together, the results of this thesis remarkably build a coherent picture in
which bar formation can occur as early as a few billion years after the Big Bang,
and bar-driven galaxy evolution in the early Universe is a rapid process capable of
forming nuclear substructures.

In the following sections, I summarise the main results of each chapter and
highlight how these findings build on our understanding of galaxy formation and bar-
driven evolution. I conclude this thesis by outlining future avenues for investigation

to develop a comprehensive picture of barred galaxy evolution.

Chapter 2t The JWST bar fraction

I conducted the first investigation into the fraction of bars in disc galaxies beyond
z = 2. I found that the visually classified barred galaxy sample from JWST NIRCam
images was twice that from HST WFC3 images, indicating that the bar fraction
may be limited by instrument sensitivity and observing wavelength. Nonetheless, in
JWST I still observe a decreasing bar frequency with increasing redshift, specifically
from ~ 17.877% per cent at z ~ 1.5, to ~ 13.87%2 per cent at z ~ 2.5. This study

shows that the onset of bar formation is much earlier than previous studies indicated.

Chapter [3; Evolution of the bar length

In the work presented in Chapter 2] I obtained a small sample of high-redshift barred
galaxies; however, in this chapter, I expanded on this work by using a larger parent
sample and extending it to higher redshifts. Specifically, I used a galaxy sample
that was significantly larger by a factor of ~ 2.5, for the redshift range 1 < z < 4.
I obtained NIRCam images of the entire galaxy sample in the F200W, F356W, and
F444W filters and repeated the same methodology of sample selection, optimisation,
and visual inspection on the different wavelength samples.

Through this process, I corroborated the bar fraction results in Chapter 2| prov-
ing that the onset of bar formation occurs earlier than studies previously thought
(see above). I found the same bar fraction across all redshift bins (1 < z < 2,

2 <z <3, and 3 < z < 4), irrespective of the observed wavelength (i.e., the F200W
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and F356W+F444W samples). In total, I identified more than 70 galaxies, including
both weakly and strongly barred galaxies.

Using this larger sample of barred galaxies, I trace the evolution of bar length
and ellipticity derived from ellipse fitting, comparing it with samples of nearby and
intermediate-redshift barred galaxies. I found the bar lengths measured in longer-
wavelength filters to be constant across the redshift range (1 < z < 4), with a
mean of 3.6 kpc. Alternatively, in the shorter-wavelength filters, I observed a slight
increase of 1 kpc in the bar length. At these high redshifts, I do not identify a
population of very long bars with L. > 6 kpc, which are observed in samples at
low and intermediate redshifts [Gadotti, 2011}, |[Kim et al. 2021]. I did not observe
a correlation between bar length and stellar mass, which is also found at low and
intermediate redshifts. Finally, I showed that the bar grows in tandem with the
outer disc by normalising the bar length by disc size, and measured a fraction of 0.5
from z = 0 to z = 4. Thus, this chapter identified a large population of long bars

beyond z = 1, showing that bars could mature fast in such cases.

Chapter 4 Bar properties at Cosmic Noon

Given that previous chapters identified a large population of long, conspicuous
barred galaxies beyond z = 1, this Chapter seeks to further our understanding
of how the structural properties of bars in the early Universe differ from those in
local galaxies. I conducted 2D photometric decompositions of the sample of strongly
barred galaxies identified in Chapter [3] Using this state-of-the-art technique, I fitted
three components (the disc, the bar and a central component) to the images, which
were optimised by differential evolution.

I determined that these high-redshift bars are similar to those at intermediate and
low redshifts, as their distributions of bar length, bar-to-total luminosity, ellipticity,
and Sérsic index overlap strongly with those of nearby galaxies. Additionally, I
derived the specific star formation rate of the sample and found that bars in passive
galaxies contribute more luminosity to their host galaxies, are rounder, and have

flatter light profiles than those in star-forming galaxies.



6.1. Future investigations 161

Chapter 5 A nuclear disc at z ~ 1.5

I identify the first evidence of a nuclear disc in a barred galaxy beyond the local Uni-
verse. This discovery was made via the 2D photometric decompositions conducted in
Chapter [ where residual images highlighted a clear nuclear spiral structure in the
galaxy CEERS 4031. Thus, I applied image analysis techniques, including unsharp
masking, 2D decompositions, and ellipse fitting, to reveal the nuclear structure. I
obtained the Sérsic index of the nuclear structure to be n ~ 0.8, which is close
to exponential; thus, the structure is determined to be a nuclear disc. I measured
the nuclear disc radial size to be ~ 1 kpc and identified evidence of a nuclear bar
and spiral arms. The presence of a large nuclear disc with nuclear substructures

demonstrates that bar-driven evolution is rapid at Cosmic Noon.

6.1 Future investigations

The work presented in this thesis has substantially revised the picture of secu-
lar galaxy evolution and raises a number of new, unanswered questions. Below,
I discuss several future investigations that would benefit from the high-redshift
JWST/CEERS barred-galaxy sample presented in this thesis and that would ad-

vance our understanding of bar-driven evolution in young galaxies.

6.1.1 The radio signatures of barred galaxies

Following my doctoral studies, I will commence a short-term postdoctoral position
during which I will focus on the radio signatures of barred galaxies. The high-
redshift barred galaxy sample, which I have analysed thoroughly in this thesis, has
been identified from the JWST CEERS survey. Radio imaging of these galaxies
is now available with the LOFAR Two-metre Sky Survey [LoTSS; Shimwell et al.
2017], which has imaged the entire Northern sky (overlapping with CEERS) at 120-
168 MHz. This transformative survey achieves a 5" resolution, corresponding to
a linear resolution of ~ 43 kpc at Cosmic Noon. I will measure radio emission
from these high-redshift barred galaxies and determine whether it originates from

AGN or star formation. With a high sensitivity of 100 pJy/beam, I will be able to
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distinguish between the origins of the radio source. Thus, I will test if a correlation
exists between the barred galaxy properties and the presence of an AGN or star

formation.

6.1.2 The slowing down of barred galaxies

A critical aspect of understanding bar-driven evolution lies in studying the stellar
kinematics of barred galaxies, as these motions reveal the underlying gravitational
forces that shape galactic structure. The bar pattern speed (£2,), which is the
angular velocity of the bar, serves as a key diagnostic of secular evolution. It governs
the locations of dynamical resonances within the disc and encodes the interaction
between the bar and the dark matter halo through dynamical friction.

Cosmological simulations generally predict that bars slow down over time due
to angular momentum transfer to the halo and dynamical friction from the dark
matter halo, leading to predominantly slow bars [Fragkoudi et al., 2021]. In con-
trast, observations of nearby galaxies indicate that many bars remain fast |[Aguerri
et al., 2015], leading to the so-called “fast bar tension”. This discrepancy suggests
that local barred galaxies may host baryon-dominated central regions, potentially
challenging predictions from ACDM cosmology. |Géron et al. [2023] reported, for
a sample of 200 galaxies in MaNGA, that 2, could be dependent on stellar mass,
where more massive galaxies tend to be faster.

These tensions highlight the need to extend bar-kinematic studies beyond the
local Universe. A measurement of €2, at high redshifts will, for the first time, test
whether the bars were already slowing down in the early stages of disc evolution,
thus providing crucial constraints on the timeline and efficiency of bar-driven secular
processes.

The Tremaine-Weinberg method is the main technique for measuring €2, [Tremaine
and Weinberg, [1984]. For my sample of high-redshift barred galaxies identified in
JWST /NIRCam, one could use JWST/NIRSpec IFS observations to extract stel-
lar kinematics and thus line-of-sight velocity distributions. The feasibility of this
method was explored by Roshan et al. [2025], who reported that an S/N =~ 5 per

pixel is sufficient for reliable kinematic measurements, and the technique performed
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adequately. The bar length, bar position angle, and galaxy inclination were mea-
sured in Chapter |3 and could be used here to infer whether these bars are rotating
faster or slower than those in the local Universe. Additionally, the study could test
the stellar mass dependence of €2, at Cosmic Noon. These results have the potential
to constrain galaxy formation models and the effects of dark matter halos on stellar

dynamics.

6.1.3 Bar-driven quenching and star formation

Roughly half of nearby barred galaxies exhibit ongoing star formation along their
bars, while the remainder show little to none. Despite the presence of cold molecular
gas flowing radially along the bar toward the galaxy centre, the local conditions
within the bar often appear to be devoid of star formation. Simulations suggest that
enhanced shear and turbulence within these fast-flowing gas streams may suppress
star-formation efficiency. Yet, the role of star-forming bars within this framework,
and how the bar’s dynamical state relates to the broader properties of its host galaxy,
remains poorly understood.

Recent studies of nearby systems reveal a complex picture. [Fraser-McKelvie
et al. [2020] found that star-forming bars are more common in low-mass galaxies.
Neumann et al.| [2019] reported a clear dichotomy between the star-forming and
quiescent bars, suggesting a rapid quenching process. When comparing SFRs with
the available cold gas content, Maeda et al| [2023] found systematically lower star
formation efficiencies (SFE) in bars relative to their surrounding discs, whereas |Diaz-
Garcia et al.| [2021] showed that the SFE in massive barred galaxies does not differ
significantly from that of unbarred systems. Clearly, bars have a strong effect on the
star formation within a galaxy, and (Querejeta et al. [2021] showed the bar diversity
in 74 nearby PHANGS galaxies, demonstrating that bars are not always regions
devoid of gas and star formation.

In a more global context, studies aim to reveal the bars’ influence on a broader
scale by measuring star formation across the galaxy. A star formation desert in
the inner regions of barred galaxies forms due to the inward transfer of gas, leading

to inside-out quenching. |George et al| [2019] found 10% of their barred galaxy
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population is star-forming, whereas 54% was quenched. However, a contradictory
finding is that they find no correlation between bar length and galaxies’ offset from
the main sequence. Recent observational studies have also supported the inside-out
quenching scenario [Scaloni et al., 2024].

The occurrence of star-forming bars in the local Universe remains unexplained.
Probing these processes at earlier cosmic epochs will provide vital insight into how
bars regulate star formation and quenching over time. Bar-driven mechanisms re-
main largely unexplored at high redshift, and measuring the star formation rates
(SFRs) of barred galaxies at these epochs is crucial for understanding the onset
of secular evolution. Investigating star formation activity in young, high-redshift
barred galaxies will therefore shed light on the physical conditions that regulate it
in dynamically evolving environments.

Future studies could use JWST/NIRSpec data to measure Ha and Hf, which
occur at 2 um and 1.5 um at z = 2, to trace the SFR distributions of my barred
galaxy sample at Cosmic Noon. This could explore the use of spatially resolved SFR
maps to assess whether SF is heightened in the central regions of barred galaxies and
whether the outer disc appears quenched. Furthermore, this study will contribute

to our understanding of SF histories in nearby galaxies and to galaxy assembly.

6.1.4 The bars’ role in fuelling AGN

Major galaxy mergers were long considered the primary drivers of the co-evolution
between SMBHs and their host galaxies. However, recent observations demonstrate
that merger-free black hole growth can be equally significant. In the absence of
mergers, another mechanism must channel gas efficiently toward the galactic centre,
and stellar bars are a compelling candidate.

Although the precise influence of bars on black hole growth remains debated,
both theoretical models and observations agree that bars can effectively funnel gas
into the inner kiloparsec, building a reservoir to feed the SMBH and potentially
triggering nuclear activity through other processes bringing gas closer to the SMBH
[Athanassoula), [2003]. Although some studies find no strong correlation between

bar presence and AGN incidence [e.g., (Cisternas et al., 2015, |Goulding et al. 2017
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Zee et al. |2023], others report an enhancement of AGN activity in barred systems,
suggesting that bar-driven inflows may play a role under certain conditions [e.g.,
Garland et al.| [2023], 2024, Knapen et al., 2000, [La Marca et al., [2026, |Silva-Limal
et al., 2022].

At Cosmic Noon (z = 2), where the global AGN fraction peaks, this question
becomes particularly pertinent. This epoch offers an ideal window for quantifying
the AGN fraction in high-redshift barred galaxies and disentangling the relative
contributions of bar- and merger-driven black hole fueling.

It would be interesting to investigate the occurrence of AGN within my sample
of disc galaxies, including unbarred, weakly barred, and strongly barred galaxies,
to determine whether AGN activity correlates with bar strength or host properties.
This could test whether star formation rates are elevated in AGN-hosting galaxies,
probing potential feedback processes and their connection to early bar-driven secular
evolution.

X-ray detection is a widely used indicator of AGN; therefore, a study could
use Chandra AEGIS-X Deep archival data to estimate the incidence of AGN at
z > 1 |Davis et all 2007]. Alternatively, the Mid-Infrared Instrument (MIRI) Ex-
tended Groth Strip (EGS) Galaxy and Active Galactic Nucleus (MEGA) survey
covers ~ 69% of NIRCam CEERS imaging [Backhaus et al| [2025]. Meaning, a high
proportion of my disc galaxy sample, and subsequently barred galaxy sample, is
included. By extending IR SED coverage, MEGA can detect more obscured and
low-luminosity AGN by identifying PAH features. If bars efficiently fuel AGN at
Cosmic Noon, we expect an elevated AGN fraction in strongly barred galaxies rel-
ative to the unbarred disc sample. Furthermore, by considering the environment
density, it is possible to distinguish between black hole-galaxy co-evolution driven

by stellar bars and that driven by mergers.
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